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Introduction



Chapter 1

Abstract

This chapter deals with the introduction of catalysis, its types, homogeneous and
heterogeneous catalysis, drawbacks of classical homogeneous catalysts, examples
of supported heterogeneous catalysts, their industrial applications. Heren,
generation of acidic sites in solid acid catalysts and the measurement techniques
to characterize and quantify acidic sites are also reported. An overview on
catalytic applications of fly ash and volcanic ash, also known as perlite in area of
heterogeneous catalysis is presented. It also figures out advantages of solid acid
catalysts, synthesized from waste ashes over other reported catalysts, reasons
behind selection of these wastes and requirement of substitution of classical,
expensive heterogeneous acid catalysts by innovative, cost-effective materials and

presents scope of the thesis.
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1.1 Introduction

Catalyst, term coined by J.J. Berzelius is defined as “a substance that
increases the rate of a reaction without modifying the overall standard Gibbs
energy change in the reaction”. Catalysts are responsible for the production of
over 60 % of all chemicals and are used in about 90 % of all chemical processes
worldwide [1]. Catalyst manufacturing alone accounts for over 10 billion dollar
sales globally in mgjor sectors namely: refining, fine chemicals, polymerization,
exhaust emission catalysts, pharmaceuticals [2] etc. Modern catalysis is centred
on the development of more efficient catalysts, which must be used under both
sustainable and eco-friendly conditions, hence envisaging all possible principles
of green chemistry, with specia attention to strategies to approach a renewable
chemical industry. Catalysis can be broadly divided into acid and base catalysis.
Acid catalysis facilitates the rate of reaction by transfer of proton to reactants
while during base catalysis, proton is abstracted from reactants. Acid and base
catalysis are economicaly and ecologicaly important in various industrial
applications including alkylation, isomerization, dehydration, condensation,
amination, cracking, etherification, aromatization, hydration, hydrocracking,
oligomerization, polymerization as well as esterification [3-14] etc. Further, acid
catalysis can adso be classified according to their phase composition:
homogeneous and heterogeneous catalysis. Homogeneous catalysts act in same
phase as reaction mixture, whereas heterogeneous catalysts act in adifferent phase
from reaction mixture. Few reports on homogeneous and heterogeneous catalysts

are as follows-

1.2 Homogeneous acid catalysis

Besides severa environmentally hazardous features of homogeneous acid
catalysis, this concept is still popular in industrial applications because of its ease
of operation and low cost. Use of sulphuric acid is common in various reactions
such as benzylation of phenol with benzyl alcohol to produce benzyl phenoal,
esterification of acetic acid with methanol, esterification reaction of oleic acid and
oleyl alcohol to produce oleyl oleate, a wax ester, transesterification of Nigerian

Jatropha curcas oil into Biodiesel [15-17] etc. The scope of homogeneous Lewis
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acid-catalyzed benzo [N,N]-heterocyclic condensation has been expanded to
include the use of SnCl,-2H,0O [18]. Esterification of acetic, propanoic and
pentanoic acids with methanol, ethanol, 1-propanol, 2-propanol, butanol and 2-
butanol is studied in the presence of liquid HCI [19]. The synthesis of cyclic
carbonates by CO, insertion into epoxides catalysed by homogeneous MTBD (7-
methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene) is reported [20]. Homogeneous
hydrogen iodide has aso been utilized in esterification of acetic acid with
methanol [21]. But these catalysts cannot be regenerated and their application can
cause unavoidable problems like corrosion of reactor, environmental hazards,
separation and recycling of catalysts, higher cost for waste disposa and waste
water treatment etc. Therefore, the replacement of the homogeneous catalysts with
the heterogeneous ones is becoming more important in chemical and life science
industry. Heterogeneous catalysts are noncorrosive and environmentally benign,
presenting fewer disposal problems. Their repeated use is possible and their
separation from liquid products is much easier. Furthermore, they can be designed

to give higher activity, selectivity, and longer catalyst life.

1.3 Heterogeneous acid catalysis

One of the classes of heterogeneous catalysts that have generated a
particular interest is supported homogeneous catalysts, that combine the potential
versatility and selectivity of homogeneous catalysts with the practical advantages
of solid materials, such as easier catalyst separation from the reaction medium,
recovery and use of alarge variety of reaction conditions [22]. The term supported
material has been used to describe a wide range of materials involving an
inorganic or organic support onto which a reagent species has been chemically or
physically adsorbed. Supports tend to disperse the active promoter uniformly,
provide a larger surface area for catalytic activity [23]. There are numerous
inorganic and organic support materials that are potentially suitable for conversion
into supported catalysts and widely used in the organic transformations. These
include silica, alumina, activated carbon, clay, biomass derivatives, zeolite,

polymeric resins and other aluminosilicates.
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In contrast to extensive studies of heterogeneous catalysts, fewer efforts
have been done for the study of different supported solid acid catalysts and their
uses in organic transformation reactions. This review is a survey of supported
solid acid catalysts and is not comprehensive but leads to the conclusion that,
although many catalysts and catalyst supports have already been discovered over
the past century, many opportunities nevertheless exist for new developments,

new processes and new catalytic materials.

1.3.1 Silica supported solid acid catalysts

In recent years, silica supported reagents are gaining considerable attention
because of higher activity of the catalyst due to the larger surface area and better
selectivity, low toxicity, chemica inertness, unique pore system and numerous
possibilities to modify their composition, morphology, and sorption properties.
Silica supported perchloric acid as a highly efficient catalyst has been reported
for gem-diacylation of aldehydes under solvent-free conditions [24] as shown in
Scheme 1.1.

Ac,0, HCIO-S10, (0.5mol%)

RCHO > RCH(OAc),
rt, 2-10 min, 85-98%

R = aliphatic / aromatic

Scheme 1.1: Gem-diacylation of aldehydes in presence of silica supported
perchloric acid as catalyst.

Raney Ni-Si catalysts are synthesized by treating Raney nickel with silane
in a fluidized bed reactor and tested in the selective hydrogenation of 2-butyne-
1,4-diol at high concentration [25]. Compared with the traditional Lindlar-type
catalysts, such Raney Ni—Si materials can be used extensively in organic synthesis
for selective hydrogenation of akynes, avoiding the associated hazards of toxic
additives. M0oO3/SIO,, silica supported 12-molybdophosphoric acid catalysts
have been proved to be a good catalyst for partial oxidation of methane to
formaldehyde [26]. Silica-supported sulfonic acid has been reported as efficient
catalyst in the dihydroxylation of 1-methylcyclohexene with aqueous hydrogen
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peroxide, without the use of additiona solvents, under mild conditions [27].
Silica-bonded S-sulfonic acid has been employed as arecyclable catalyst for the
synthesis of coumarins from phenols and -ketoesters at 80°C under solvent-free

conditions [28] as shown in Scheme 1.2.

' \
A R
OH O O
= O (@]
R'.....'.. . o =
@ + MEMDR At oSS Y
80 °C, solvent-free

Me

Scheme 1.2: Silica-bonded S-sulfonic acid catalyzed condensation of phenols
with ethyl or methyl acetoacetates.

An efficient and direct protocol for the preparation of amidoakyl naphthols
employing a multi-component and one-pot condensation reaction of 2-naphthol,
aromatic aldehydes, and acetonitrile or acetamide in the presence of silica
supported perchloric acid under solvent, solvent-free, and microwave irradiation
conditions [29] is described in Scheme 1.3. 0-QMs formed as intermediate is o-

quinone methides.

ArCHO

[ - " ecanas
i) o-LOMs
OH N
oM CHa I
A M =
; HCIO ., -SiCs
,.-5::_.:;
HAC

Scheme 1.3:  Multicomponent reaction over silica supported perchloric acid
catalyst.

Indoles undergo smooth akylation with benzylic acohols on the surface of
10 mol% of phosphomolybdic acid supported on silica ge (PMA/SIO,) under
mild conditions to produce C-3 benzylated-indoles in high yields and with high
selectivity [30] as shown in Scheme 1.4.
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Me

OH PMNSi02
+ I C
m Ph’j\ > I
H

DCE, 80°C. N
H

Scheme 1.4:  Alkylation of indole with benzylic alcohols over PMA/SIO».

Silica gel supported aluminium trichloride (SiO,-AlCl3) has been shown
to be amild, efficient, and chemosel ective heterogeneous Lewis acid catalyst for

the acylation of aromatic compounds with acid chlorides [31] (Scheme 1.5).

O
S10,-AlCI 4
ArH ! - : Ar”“\
RCOCI

R R=Ph, Mg

Scheme 1.5:  Acylation of aromatic compoundswith acid chlorides over
SiO,/AICI3.

Silica-supported sulphuric acid catalysts are used for the esterification of
long-chain aliphatic acids with alcohol to produce the corresponding esters having
a wide range of end use applications such as cosmetic materias, topical
medicines, and polyolefin catalyst components [32]. A direct approach has been
developed for the preparation of pyrazole derivatives in the presence of nano-
silica sulfuric acid [33] by condensation of 1,3-diketones and hydrazines as
shown on Scheme 1.6.

H
0 Ph 'ul H
- Nano-SSA il H
p|-_)‘\i”h“‘p;:. + HN7HNHE  c— | {‘Fh
s :
60 °C Nes g
1A

Scheme 1.6: Synthesis of pyrazole derivatives using nano-silica sulphuric
acid.

Nickel metal nanoparticles supported on low surface area silica,

prepared by reduction of nickel acetate with hydrazine in aqueous medium are
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evaluated in the gas-phase hydrogenation of benzene [34]. Tungstophosphoric
acid supported on SiO, has shown high activity, good selectivity of producing
linear alkylbenzene and 2-phenyl isomer and sufficient catalytic stability [35]. An
efficient and environmentally benign procedure for the catalytic esterification of
salicylic acid with aliphatic alcohols and benzylic acohols has been developed
using Nano-SiO,-supported Preyssler heteropolyacid both under thermal
conditions and microwave irradiations [36]. Aliphatic and aromatic amines
undergo smooth nucleophilic Michael addition to a,3-unsaturated compounds in
the presence of a catalytic amount of silica supported aluminum chloride at
60°C and under solvent-free conditions to produce the corresponding [3-amino
compounds in excellent yields [37] (Scheme 1.7).

_ H
OMe  gilica supported AICI, N OMe
PN, 4 /W pp ) o7 \/\W ¢

0 60 °C, 4 h (quant.) _ 0

Scheme 1.7: Michael addition of aromatic amines with methyl acrylate over
AICI3/SIO,.

Under solvent free conditions between 40-50°C, BF3.Si0,, amild solid acid

catalyst, is applied to regio-chemo and stereoseective Claisen-Schmidt

condensation [38] as described in Scheme 1.8.
Cl
\‘r?" C-l
[N
[ \."I . // \ \

(8]
A~ . S\ g BF, Si0, S
H/ et \\ {5/ <H solvent-free /\( <

o 40-50°C

12%

88% O

Scheme 1.8: Crossed aldol condensation of 2-butanone with 4-chloro
benzaldehyde over BF3.SiO,.

1.3.2 Alumina/silica-alumina supported solid acid catalysts

Unlike silica, which is a natural compound, alumina does not occur in
nature. y- and n-alumina having high degree of porosity and surface area are
widely used in catalysis as inert supports for active metals [39]. Alumina
supported 12-tungstophosphoric acid (TPA/AI,O3) catalyzes efficiently the
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reaction of o-phenylenediamine with ketones under solvent-free conditions to
afford the corresponding 1,5-benzodiazepines in excellent yields [40] (Scheme
1.9).

NH ) H
CL,, - O e 000
+ S
NH, 60-70 °C N

H

Scheme 1.9: Reaction between cyclohexanone and o-phenylene diamineto
give 2,3-dihydr obenzimidazole-2-spir ocyclohexane over
TPA/AILO3.

Mesoporous Zn- and Fe-Al-MCM-41 molecular sieves with different
metal contents are synthesised hydrothermally. t-Butylation of phenol with t-butyl
acetate, is carried out in vapour phase over these mesoporous materials [41].
Catalytic activity of phosphotungstic acid supported on AI-MCM-41 is
evaluated in the esterification of succinic anhydride with ethanol [42].
Phosphoric acid supported on alumina (H3PO4AI;O3) is found to be an
efficient catalyst for the three-component condensation reaction of -naphthol,
aromatic aldehydes and amides or carbamates to afford the corresponding o-
amidoalkyl-B-naphthols, a-carbamato-alkyl-p-naphthols under solvent-free
conditions [43] as shown in Scheme 1.10.

R*«::?O
HN.. _Ar
3 + P
Ar H “ e ¥ R” "NH; Solvent-free, 100 °C |f’

-

R= CHs, Ph, CH30, CH3CH;0, PhCH;0

Scheme 1.10: Synthesis of a-amidoalkyl-[3- naphthols and a-car bamato-alkyl-
B—naphthols over H3PO4/AI,O3.
The acidic properties of alumina-supported molybdenum oxide

(M0oO3/Al,O3) cacined at high temperatures, with MoO3 loadings of 5-30 wt%,

are investigated for benzylation of anisole and isomerization of a-pinene [44]. A
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series of solid strong acid catalysts are synthesized from fibrous Zr O,/Al,O3 core
and shell nanocomposites. The acidity of the obtained solid acids is tested by
using them as catalysts for the benzoylation of toluene [45]. Friedel-Crafts
alkylation reactions such as tert-butylation, iso-propylation and sec-butylation of
phenol have been carried out over 12-tungstophosphoric acid supported onto
neutral alumina under mild conditions by varying different parameters [46].

1.3.3 Activated carbon supported solid acid catalysts

Activated carbon is defined as a wide range of amorphous carbon based
materials prepared to exhibit chemical inertness, good mechanica and pH
stability and an extended interparticulate surface area [47] . It can be produced
from awide variety of carbon-rich raw materials of animal, mineral or agricultural
wastes origins [48]. These materials are characterized by their extraordinary large
specific surface areas, well-developed porosity and tunable surface-containing
functional groups [49] thus they are favourable for application as catalyst support
material. Sulfonated (SOsH-bearing) activated carbon (AC-SO3H) has been
synthesized by an aryl diazonium salt reduction process. The catalytic activity of
AC-SO3H has been assessed in the esterification of aliphatic acids with longer
carbon chains such as hexanoic acid and decanoic acid [50]. Carbon-based solid
acid (CBSA), prepared by sulfation of naphthalene proved to be an effective and
reusable catalyst [51] for the synthesis of 3-amino carbonyl compounds by one-
pot three-component Mannich reaction of acetophenone, aromatic aldehydes and

aromatic amines, as described in Scheme 1.11.

Ar

-

HM

O 0
O I
7 /J_]\ Carbon-based solid acid ==~ )L " TeAr
| + ~, + ArNH, > |
x Ar H EtOH, rt .

Scheme 1.11: Mannich reaction of acetophenone, aromatic aldehydes and
aromatic aminesusing CBSA.

Tungstophosphoric and tungstosilicic acid catalysts supported on
carbon are prepared by equilibrium and incipient wetness impregnation

techniques for isopropanol dehydration [52]. The esterification of free fatty acids
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with methanol is studied using Sulfonated Porous Carbon as catalyst [53]. The
prepared catalyst is reused at least three times without loss of activity. Carbon-
based sulfonated catalyst (CBSC) has become a research hot-spot in recent
years. Biomass derived CBSC has shown high cataytic activities in many
chemical reactions, including hydrolysis, esterification, alkylation, condensation,
benzylation [54] etc. Michael-type Friedel-Crafts reaction is shown in Scheme
1.12.

.-f"'H"hH _
- e

]

Scheme 1.12: Catalytic Michael-type Friedel-Crafts of indoles with a,(3-
unsaturated carbonyl compounds over CBSC.

A solid acid catalyst, prepared by sulfonating carbonized corn straw, has
proved to be an efficient and environmental benign catalyst for the esterification
of oleic acid and methanol [55]. An efficient and selective acylation of alcohols
and amines employing carboxylic acids as acylating agents is developed using

iron oxide containing activated carbon catalyst [56] as shown in Scheme 1.13.

AcOH, FeAC-catalyst
R— OH = R—O—C—CH; ., H0
116 °C, 15-210 min

O

Scheme 1.13: Acylation of alcoholswith carboxylic acids over FeO/activated
carbon catalyst.

A highly sulfonated carbon is used in one pot three-component
condensation reaction of various aromatic aldehydes with -ketoester and urea
under solvent-free conditions to afford the corresponding dihydropyrimidinones
(DHPMs) [57] as shown in Scheme 1.14.

10
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R
OEt
Hrﬂj\ o CSOH &
+ + =
@ NH, & EtO | NH
CHO cH, i H,&ﬂ

Scheme 1.14: Preparation of dihydropyrimidinonesin the Bigindli-type
reactions of ethyl acetoacetate, aromatic aldehydes and urea
over sulfonated carbon catalyst.

1.3.4 Polymer supported solid acid catalysts

Porous polymer particles, especially the ones that are spherical in shape,
have been utilized in numerous applications for decades. The different
characteristics of polymers such as high surface area, ability to uptake various
solvents with different polarity and increased brittleness are utilized in
heterogeneous catalysis. In genera, polymer particles are produced by
heterogeneous polymerizations using the immiscibility of two or more liquids
through suspension, dispersion, precipitation, multistage, membrane/micro
channel emulsification and micro fluidic polymerizations [58]. Polystyrene-
supported sulphonic acid (NKC-9) efficiently catayzed the cross-adol
condensation of benzaldehyde and cyclopentanone to afford o, o’-

bis(benzylidene) cyclopentanones [59] in good yields (Scheme 1.15).

O
Oy
N7 RED heating,at B = Ph

various solvent

Scheme 1.15: Reaction of cyclopentanone with benzaldehyde over NK C-9.

New materials have been obtained from aluminium or copper salts of
tungstophosphoric and tungstosilicic acids immobilized in a PVA-PEG
(Polyvinyl acohol and polyethyl glycol) polymeric blend by the freezing-thawing
method. Their catalytic activities are tested for acylation of anisole [60]. A new
SOzH-functionalized HPA-based acidic polymeric hybrid has prepared by

11
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coupling task-specifically designed SOsH-functionalized polymeric ionic liquids
with Keggin-structured heteropolyanions [61]. Its catalytic performance for
esterification of alcohols with carboxylic acids is studied under solvent-free

conditions. The synthesis of catalyst is given in Scheme 1.16.

Y ¥ DO

('\' 60 °C methanol AIBN 24h H PW O_n
J 0°C 2h @ hJ (J — (j PW,,0,,*

¢

S0~ S0, S0.H

VMPS Poly(VMPS) Poly(VMPS)-PW

Scheme 1.16: Synthesis of the acidic polymeric hybrid Poly (VM PS)-PW.

A polymer-supported gadolinium triflate (CMPS-IM-Gd) catalyst is
used as an efficient Lewis acid catalyst for the acetylation of various acohols and
phenols with acetic anhydride [62], affording high yields under mild conditions as
shown in Scheme 1.17.

o CMPS-IM-Gd catalyst O
OH 0.5 mol % |
(\]_/\ JJ\ (0.5 mol %) - PN ﬁ{}# L\

HaC CH, ;
Various Solvents -
(0.5 mmol) (1.5 mmol)

Scheme 1.17: Acetylation of benzyl alcohol with acetic anhydride over
CMPS-IM-Gd catalyst.

HPA-polymer composite film catalysts prepared by membrane preparation
technique are cut into small pieces, and applied as heterogeneous catalysts to the
liquid-phase tert-butyl alcohol synthesis, vapor-phase ethyl tert-butyl ether
synthesis, and vapor-phase ethanol conversion [63]. Chitosan is an optically active
biopolymer that can be used as a support for the preparation of heterogeneous
catalystsin the form of colloids, flakes, gel beads, fibers (including hollow fibers),
or immobilized on inorganic supports (alumina, silica, or other metal oxides) [64].
Examples of reactions catalyzed with chitosan-supported materials are
oxidation, hydrogenation, Suzuki and Heck reactions, cyclopropanation of olefins,

asymmetric dihydroxylation of olefins, carbonylation etc.

12
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1.3.5 lon-exchangeresin supported solid acid catalysts

An ion exchange material may be defined as an insoluble matrix
containing labile ions capable of exchanging with ions in the surrounding medium
without any maor physical change in structure. In 1940s |.G. Farbenindustrie
developed the first commercial esterification process over Wofatit
phenolsulphonic acid-formaldehyde resins [65]. lon-exchange resins, especially
the cation-exchange resins such as Dowex, Amberlyst series are manufactured
mainly by sulfonation of ethylbenzene first, followed by a cross-link with
divinylbenzene. Because of their selective adsorption of reactants, surface acid
site features, and swelling nature, these resins not only catalyze the esterification
reaction but also affect the equilibrium conversion. The esterification of acrylic
acid and n-butanol catalyzed by three different ion exchange resins, Amberlyst 15,
Amberlyst 131 and Dowex 50Wx-400 has been studied [66]. Amberlyst 131 has
found to be more efficient catalyst giving the maximum conversion of acrylic
acid. Nafion (tetrafluor oethylene-per fluor 0-3,6-dioxa-4-methyl-7-
octensulfonic acid) catalyst, a perfluroalkanesulfonic acid resin was developed
by DuPont chemists in early 1960. It is a recyclable Bransted acid catalyst and
hence is able to catalyze a variety of organic reactions such as transalkylation,
ether synthesis, esterification, condensation of ketones, Friedel-Crafts alkylation
[67], acylation of anisole, toluene (Scheme 1.18) [68].

Ref= ﬁ N ﬁ
Q—C—Cl A @7% Nafion-H Qc@-cm

Scheme 1.18: Friedel-Crafts acylation of aroyl chlorideswith tolueneto give
substituted methylbenzophenones over Nafion-H.

Amberlyst, acidic cation-exchange resin bead, is widely used as excellent
heterogeneous acid catalysts for a wide variety of organic reactions including
esterification, transesterification, Friedel-Crafts alkylation, acylation, benzylation
of arenes as shown in Scheme 1.19 [69], hydroakylation, halogenation,
protection of carbonyls, crossed-aldol condensation, synthesis of quinolines,

xanthenes, coumarins, furans, and substituted phosphonates [70].
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Scheme 1.19: Benzylation of arenes by benzyl alcohol over Amberlyst-15.

Dowex50Wx8-400 has been utilized in esterification of propionic acid with
1-propanol [71].

1.3.6 Zeolite supported solid acid catalysts

Since 1960s, zeolites catalysts have conquered the petroleum refining and
petrochemical  industries.  Zeolites are three-dimensional  crystaline
aluminosilicates consisting of a framework of SiO4 and AlO, tetrahedra, each with
a silicon or duminum in the center [72]. The oxygen atoms are shared between
adjacent tetrahedra. Zeolites provide great thermal and chemical stability as well
as acid strength, which are comparable to homogeneous acid catalysts. The most
important of these processes are hydrocracking of heavy petroleum distillates,
octane number enhancement of light gasoline by isomerization, the isomerization
of xylenes, n-hexane etc. [73]. The Frieded-Crafts acylation of 2-
methoxynaphthalene has carried out in the liquid-phase batch conditions using H-
mordenite, H-beta and H-Y zeolite as catalysts [ 74] as shown in Scheme 1.20.
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Scheme 1.20: Acylation of 2-methoxynaphthalene over zeolites.
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The esterification of acetic acid with ethanol on zeolites- BEA, FER, MFI,

and MOR has been evauated [75]. The acetylation of 1,2-, 1,3- and 1,4-

dimethoxybenzenes with acetic anhydride [76] has been investigated in the liquid

phase using chlorobenzene as solvent over the H-forms of various zeolites

(Scheme 1.21). H-Y and H-Beta have been shown to be efficient catalysts in

such a reaction, and led to the selective formation of the corresponding
dimethoxyacetophenones.

CH, CH,
OCH;, zeolite OCH3
+ (CH;CO),0 >
chlorobenzene; 130°C

COCH,

Scheme 1.21: Synthesis of 3,4-dimethoxyacetophenone from the acylation of
1,2-dimethoxybenzene with acetic anhydridesover zeolites.

Direct synthesis of microporous-mesoporous zeolite-SBA-15 (ZBS-15)
composite catalyst under acidic hydrothermal conditions through the simultaneous
self-assembly of mesoporous silica SBA-15 and zeolite. The activity of ZBS-15
composite catalyst for the nitration of benzenes under solvent-free conditions has
been investigated [ 77] (Scheme 1.22).

R, R,

Z.BS-15 Catalyst
+ HNO;

;=
/\, no solvent \/
R,

R,

NO,

Scheme 1.22: The nitration of substituted benzenes over ZBS-15 catalyst.

The catalytic liquid phase benzylation of benzene to diphenylmethane with
benzyl chloride is investigated over a number of zeolite catalysts at 358 K and
under atmospheric pressure (Scheme 1.23). Zeolite H-beta is found to be more
selective but less active compared to HY and H-ZSM-5 zeolites in the benzylation

of benzene [78].
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Scheme 1.23: Benzylation of benzene to diphenylmethane with benzyl
chloride over H-beta catalyst.

The liquid phase benzoylation of o-xylene with benzoyl chloride over
various zeolite catalysts is studied in a batch reactor at atmospheric pressure and
temperature, 411 K [79]. The protonic form of zeolite beta is found to be an
efficient catalyst compared to other zeolites in the benzoylation of o-xylene as
shown in Scheme 1.24.

Q
i
CH3 C~—Cl CH3

- C
@CH3+ Hobeta CHz e
Liquid phase , ISh 7 tOthers

Scheme 1.24: Benzoylation of o-xyleneto 3,4-dimethylbenzophenone with
benzoyl chloride over H-beta zeolite.

1.3.7 Ricehusk ash supported solid acid catalysts

Rice husk is a biomass by-product from rice mill that has been used as an
energy source in many industries, containing ca. 92-95% silica [80]. Burning rice
husk generates rice husk ash (RHA) which is rich in slica and can be an
economically valuable raw material for production of natural silica[81] and at the
same time help to solve rice husk disposal problem faced by rice milling
industries. Recently, much research has been done on the potential use of the
silicafrom rice husk as a support for heterogeneous catalysts in many industrially
important reactions such as in the oxidation, esterification and benzylation
[82,83]. Nickel catalysts supported on RHA-alumina are prepared by the
incipient wetness impregnation method. The catalytic activities of nickel catalysts
are tested by CO, hydrogenation [84]. Al, Ga and Fe catalysts supported on silica
obtained from RHA are synthesized using the sol-gel technique at room

temperature [85]. The benzylation of benzene and substituted benzenes with
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benzyl chloride are studied over the prepared catalysts. RHA-Fe showed excellent
activity for the benzylation of benzene, whereas, RHA—Ga gave good selectivity
towards diphenylmethane. 7-Amino-1-naphthalene sulfonic acid (ANSA) has
immobilized onto silica via a simple sol-gel technique to form catalyst with
strong Bronsted acid site, RHANPSO3H. The catalytic performance of
RHANPSO;H istested in the esterification of n-butyl alcohol with different mono
and di-acids [86]. The proposed catalytic cycleis given in Scheme 1.25.
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Scheme 1.25: The proposed catalytic cyclefor the esterification reaction over
RHANPSO3H.

Iron and 4-(methylamino) benzoic acid/RH-silica has been successfully
tested for Friedel-Crafts benzylation reaction with toluene [87]. Sulfanilic acid is
immobilized onto rice husk ash via 3-(chloropropyl)triethoxy-silane to form an
acidic solid catalyst denoted as RHAPhSO3H. Bransted acid sites of catalyst have
been utilized in t-butylation of phenol [88] as shown in Scheme 1.26.
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Scheme 1.26: Tert-butylation of phenol over RHAPhSO3H.

RHA-MCM-41 is prepared from rice husk slica using
cetyltrimethylammonium bromide as a structure directing agent via a simple sol—
gel method and utilized to study styrene oxide ring opening with aniline to form

-amino alcohols viaaminolysis reaction [89] (Scheme 1.27).

Styrene oxide Aniline
— =
HN
RHA-MCM-41 w “‘h,J
» +
70 °C — OH
{isomer - [) {ispmer - T}
(940 40) (5.3 %)

Scheme 1.27: Ring opening of styrene oxide over RHA-MCM-41.

1,1-Diacetates are produced from a variety of aromatic aldehydes using rice
husk supported FeCl3 nanoparticles as catalyst. The procedure generally resulted
in good yields (98%) of aromatic aldehydes [90].
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1.3.8 Clay supported solid acid catalysts

The term ‘clay’ refers to widespread, naturally occurring materials
composed primarily of fine-grained minerals, which generally display both Lewis
and Bransted acidity. The strong Brensted acidity is caused by the Si-OH...Al
structure generated by the protonation at the Si-O-Al linkage in the tetrahedra
sheet. The layers possess net negative charge that is neutralized by cations such as
Na’, K*, Ca* etc., which occupy the interlamellar space. This provides
tremendous scope for altering the properties of clays like acidity, pore size,
surface area, polarity and other characteristics that govern their performance as
catalysts. To date, there are numerous reports on the catal ytic activity of clays and
clay-based materials, in a large variety of organic transformations including
benzylation, dehydration, addition, Diels Alder reaction, hydrocracking,
isomerisation etc. [91]. Talor made catalysts can be prepared from
montmorillonite clays by suitably adjusting their acidity and surface area by acid
activation and their catalytic performance has been assessed in atest Friedel-Craft
alkylation reaction of benzyl chloride with toluene. Activated montmorillonite
K 10 clay has found to catalyze the reaction of allyl trimethylsilane with aromatic
aldehydes to give homoallylic silyl ethers (Scheme 1.28).

9] Me;SiO
s H . Mont K10 i =
R_I 4+ - SiMe; e R
e CH,Cl,, 0-23 °C =
70-99%

Scheme 1.28: Reaction of allyl trimethylsilane with aromatic aldehydes over
activated montmorillonite K 10 clay.

Sulphuric acid-treated montmorillonite clay is ahighly active catalyst for
bringing out addition of methanol to 2,3-dimethyl-1-butene (Scheme 1.29). The
activity of the catalyst depends on the sulphuric acid content in the clay.
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H*-Mont
+ CH3OH —— = OCH;

-EHalDH

)\I/ /I\-[/ + Oligomers

Scheme 1.29: Synthesis of ethers by the addition of methanol to 2,3-dimethyl-
1-butene over acid treated montmorillonite.

Acid activated Indian bentonite has reported to be a good catalyst for the
preparation of aryl and alkyl esters of different aromatic and aliphatic carboxylic
acidsas shown in Scheme 1.30.

Indian bentonite
HzC—(CH2),—COOH + OH =  H,C—(CH;),—CO0O
Toluene/Xylene, reflux

Indian bentonite
X—COOH + OH X—CO00O
Toluene/Xylene, reﬂux

X =0, CHz, CH=CH

Scheme 1.30: Synthesisof aryl and alkyl estersover Indian bentonite.

Methyl mandelate, used in flavouring and perfumery, has been prepared by
esterification of mandelic acid with methyl alcohol in the presence of
montmorillonite K10 supported dodecatungstophosphoric acid (DTP/K10)
and its cesium salt (Cs-DTP/K 10) as shown in Scheme 1.31.

OH OH

OH Cs-DTP/K10 OCH,
+ CH;OH -
0 120 °C O

Scheme 1.31: Esterification of mandelic acid with methanol giving methyl
mandelate over Cs-DTP/K 10.
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An interesting case of Fe-M g-hydrotalcite anionic clay being used for the
Friedel-Crafts alkylation [92] has been described in Scheme 1.32. They have
benzylated anisole, mesitylene, p-xylene, toluene and naphthalene with high

degree of conversions, using benzyl choride.

Fe-Mg-HT
ArH + Ph-CH,C| ———= Ar-CH, -Ph

OCH, PHs GHs
CHs

Scheme 1.32: Friedel-Crafts alkylation by benzyl chloride over anioinic
clays.

Phenol has been benzoylated by benzoic acid to 4-hydroxybenzophenone
via the formation of phenyl benzoate as intermediate which underwent Fries
rearrangement, a variant of Friedel-Crafts acylation over Cs-DTP/K 10 catalyst
as shown in Scheme 1.33.

COLH

OH i O
o
CsDTP /K10 S— ‘
HO

Scheme 1.33: Benzoylation of phenol by benzoic acid to give 4-hydroxy
benzophenone over Cs-DTP/K 10 catalyst.

The diastereomeric (R)-(+)-limonene diepoxides underwent isomerisation at
room temperature on synthetic K10 clay calcined at 100°C to give various
iIsomersin aratio of ~4:3:7:2 as shown in Scheme 1.34.

K10 CH,Cl, t\\\\m Yﬂi_
RT 20 min £ T

Scheme 1.34: Isomerization of diastereomeric (R)-(+)-limonene diepoxides
over K10 clay.
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1.4 Microwave assisted heterogeneous acid catalyzed

organic reactions

Microwave synthesis represents a maor break-through in synthetic
methodol ogy, first reported by the group of Gedye and Gigure Majetich [93] in
1986. Microwave absorbing materials are of utmost importance for microwave
chemistry and three main different mechanisms are involved for their heating
namely: Dipolar polarization, Conduction mechanism and Interfacial polarization.
Microwave-assisted organic synthesis uses both less energy and solvent, and it
enables difficult compound synthesis. Conventional organic synthesis is carried
out by conductive heating with an externa heat source (for example, an oil bath).
Thisis acomparatively slow and less efficient method for transferring energy into
the system, since it depends on the thermal conductivity of the various materials
that must be penetrated, and results in the temperature of the reaction vessel being
higher than that of the reaction mixture. In contrast, microwave irradiation
produces efficient internal heating (in-core volumetric heating) by direct coupling
of microwave energy with the molecules (solvents, reagents, catalysts) that are
present in the reaction mixture. Microwave include following advantages, over the
conventional heating - uniform heating throughout the material, increase in
process speed, high efficiency of heating, enhanced product yield and purity,
reduction in unwanted side reactions, rapid reaction optimization, purity in final
product, improvement in reproducibility, minimization of environmental heat |oss,
lowering of operating cost etc. Coupling of microwave irradiations with the use of
mineral-supported catalysts, under solvent-free conditions, provides clean
chemical processes with the advantage of enhanced reaction rates, higher yields
and greater selectivity [94]. Avoiding organic solvents during the reactions in
organic synthesis, use of non-conventional microwave source of energy, less
generation of wastes during the whole procedure leads to a clean, efficient, and
economical technology as per the principles of green chemistry. Some industrially
important microwave assisted heterogeneous acid catalyzed organic

transformations are summarized in Table 1.1.
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Table 1.1:

Some microwave assisted heterogeneous acid catalyzed organic transformations.

S.No.

Reaction

Reactions Catalysts Conditions Product Ref.
1. Formylation Reaction HCOOH/Si0, 35-95 sec Formamides [95]
2. Pechmann Reaction (Resorcinol + | Sulfated Zirconia 150°C, 15 minutes 7-hydroxy  4-methyl [96]
ethyl acetoacetate coumarin
3. Three component aza-Diels-Alder | Silicotungstic acid 100°C, 5 minutes Aza bicyclo [2.2.2] [97]
cyclization (Aniline + octan-5-ones
cyclohexene-2-one + 4-bromo
benzaldehyde
4, Trans-esterification Reactions
(1) Castor bean oil + | Acidic silica gel 60°C,3 h Esters [98]
methanol/ethanol
(i1) Stearic acid + ethanol Aminophosphonic acid resin | 80°C, 7 h Esters [99]
D418
5. Friedel-Crafts Acylation Reactions
(1) Methyl salicylate + acetyl chloride | Cu(OTf),-silica 120-180°C, 0.13 h o-acyl methyl | [100]
salicylate
(i1) Indole + acetic anhydride Phosphotungstic acid modified | 120°C, 8 minutes 3-acetyl indole [101]

Hp zeolite
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6. Alkylation Reactions
(1) Anisole + hexanoic acid HY-zeolite 190°C, 30 minutes 1-(4-methoxy phenyl)- | [102]
1- hexanone
(i) Naphthalene + t-butyl alcohol HM-zeolite 150°C, 30 minutes 2,6-di-tert-butyl [103]
naphthalene
7. Biginelli Reaction (Benzaldehyde | Molybdophosphoric acid 80°C, 5 minutes 5-ethoxy carbonyl-6- | [104]
+ methyl acetoacetate + urea) methyl-4- phenyl-3,4-
dihydro  pyrimidin-2
(1H)-one
8. Claisen-Schmidt Condensation | Sulfated zirconia 140°C, 20 minutes a,0’ bis (benzylidine) | [105]
Reaction  (Cyclohexanone  + cyclohexanone
benzaldehyde)
9. Benzoylation (Anisole + benzoyl | BEA zeolite on §-SiC 80°C,0.5h p-methoxy [106]
chloride) benzophenone
10. Benzylation Reaction Mesoporous zirconium 110°C, 30 min Diphenyl methane [107]
(Benzene + Benzyl chloride) phosphate
11. One pot cyclo- condensation of | SbCls/SiO; 120°C, 15 minutes Substituted imidazole | [108]
benzil, aldehydes, ammonium derivatives
acetate
12. Triple self- condensation of | Nano-silica supported 90°C, 18-30 minutes 1,3,5 triaryl benzenes [109]

acetophenone

tungstophosphoric acid
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1.5 Generation of acidic sites

Two distinct types of surface acidity have been identified in the literature.
Brensted acidity is attributed to acidic protons on surface hydroxyl groups, while
Lewis acidity is attributed to surface cations which can accept electronic charge
from a donor (Lewis base) molecule. Generation of Bransted and Lewis acidic
sites are provided in Figure 1.1 and Figure 1.2. Concentration, strength, and
accessibility of acid sites on a solid acid catalyst are important and these features
need to be controlled when a solid acid catalyst is designed and optimized for a
specific catalytic reaction [110]. A high concentration of acid sites is vital in
controlling catalytic activity and, activity might be expected to be proportional to
the concentration of surface acid sites. However, it is not always the case that
increased acid strength will lead to increased activity. One reason for this is that
the rate of a reaction will depend on the rate of desorption of products from the

acid sites, and in some cases thiswill be reduced if acid strength is increased.

Bransted
Lewis xh j.}{ site
il ——a= - ffl
i -- o+
o) CaH
P o T I ! L s
—si{ s, ,sqo,,s.fi

Figure 1.1: Brgnsted acidity arising from inductive effect of Lewisacid center
coordinated to a silica support.

I
>5|\ ,ﬁl \\5| -..—>5|\ Al /\><\-\E/+Hz0

B rensted Lewis acid certer
acid center

Figure 1.2: Formation of Lewisacid centres on silica-alumina surface.
The concepts of Lewis acid-base theory and Bransted-Lowry acid-base
theory may be applied to solid surfaces; however there is no genera theory that

serves to determine surface acidity or basicity [111]. All the properties of acidic

sites cannot be measured by any single method. Integration of the results obtained
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by different characterizations leads us to understand the structures, reactivity,
strengths, and amounts of the acidic sites on the surfaces. The understanding of
the acidic nature of a solid surface is of great importance in the field of ion

exchange and catalysis.

1.6 Measurement of acidity in solid acid catalysts

Different techniques have been used to study the surface acidity of solid

acid catalysts which are as follows:

1.6.1 Titration methods - Hammett indicators and acidity function

One of the oldest techniques for measuring acidity is based on a proposal by
Hammet and Deyrup [110] for ordering strengths of solid acids on the basis of
amine titrations. Unfortunately, this method is strictly applicable only to protonic
(Bransted) acids. The Hammett acidity function (H,) is related to the degree of
transformation of a weakly basic indicator B to its conjugate acid form BH* and
defines Bransted acid strength. It is important that this base is stronger than the
indicator; n-butylamine (pKa = 10) which is often used [110]. As the base is
added it adsorbs on the acid sites and displaces the indicator from the solid acid,
and as Hammett indicators exhibit distinctly different colours in the protonated
and unprotonated forms, an end point can be determined. According to Hammett,
the strength of a Bransted surface site can be determined by the Hammett acidity
function- . BH"']

HU = phBHwL - f[)g [BJ

where B is the basic indicator molecule. A series of Hammett indicators
covers the range of -18 < H, < 4, where H, = -12 corresponds to 100% H,SO4
[112]. As these titration and indicator methods can yield erroneous results, they
are used less frequently. This method gives the sum of the amount of Bransted
and Lewis acid sites, and only if arylcarbinols are used as indicators Bransted acid

sites can be measured separately.

1.6.2 Vibrational spectroscopy methods
Both Raman and Infrared (IR) spectroscopy have been used to investigate

the acidity of solid acids, with and without adsorbed probe molecules. IR is
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especialy useful as this identifies the hydroxyl groups present in solids through
adsorbed probe molecules. Mapes and Eischens were the first to demonstrate the
power and utility of IR studies of chemisorbed ammonia and provide direct
experimental evidence for the existence of Lewis and Brensted acidity on
surfaces. In principle, the concentration of hydroxyl groups and therefore the
concentration of potential Bransted acid sites can be determined from the
corresponding IR bands [110]. An important feature is that distinct bands occur
for pyridine at Lewis acid and Bransted acid sites in the region 1400 — 1700 cm™
(Table 1.2) [113]. When IR is combined with temperature programmed
desorption (TPD), it provides an estimate of the acid strength distribution profile.
Parry pioneered the use of pyridine as probe molecule alike ammonia. A problem
associated with use of pyridine is that owing to its strong basicity it adsorbs
strongly so will not distinguish between strong and weak sites. Because of this,
weaker bases such as carbon monoxide (CO) have also been used. It specificaly
interacts with hydroxyl acid groups via hydrogen bonding and with cationic Lewis
acid sites. Recently, trichloromethane, acetylene and substituted acetylenes and
even methane are proposed and successfully tested as acidic probe molecules. The
interaction of pyridine molecules with Bregnsted and Lewis acidic sites is aso
explained through Figure 1.3.

Laser Raman spectroscopy can aso be used for detection of pyridine
adsorption on Brgnsted and Lewis sites. As Raman bands arise from polarizability
changes which accompany skeletal and stretching vibrations, the protonation of
pyridine is difficult to detect [110]. This means that it has low sensitivity towards
measuring Brensted acidity. Quinoline is a larger, more basic molecule than
pyridine, which can distinguish between Bregnsted and Lewis acidity
simultaneously, and due to its large size has been used to measure the external

number of acid sitesin microporous acid materials [110].
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H* 1"
b A
Broensted acid Lewis acid

Figure1.3: Interacrion of pyridinewith Brgnsted and L ewis acidic sites.

Tablel1.2: IR bandsfor Bransted and L ewis acidic sites characterized by
pyridine adsor ption.

Hydrogen-bonded Co-ordinately bonded Pyridinium ion
pyridine pyridine
1400-1447 (vs)* 1447-1460 (vs) -
1485-1490 (w) 1488-1503 (v) 1485-1500 (vs)
1540 (9)
1580-1600 (s) 1580 (v) 1620(s)
1600-1633 (s) 1640

*Band intensities: vs, very strong; s, strong; w, weak; v, variable.

1.6.3 Nuclear Magnetic Resonance (NMR) methods

NMR is a powerful technique, and advanced methods such as cross-
polarization, magic angle spinning (MAS) of solids, high resolution magnetic
resonance etc. have increased the capabilities of this technique to study the acidity
of solid acid catalysts [110]. Total numbers of acid sites and strengths have been
identified by using MAS NMR techniques. Solid-state *H magic-angle spinning
(MAS) NMR spectroscopy measures proton chemical shifts, which are thought to
reflect the deprotonation energies of surface OH groups [112]. Dissociative
chemisorption of CH3l has proposed for characterization of surface basicity by
3C NMR spectroscopy. The number and strength of OH acidic groups can be
directly determined by *3C shifts of the adsorbed molecules. *'P NMR has also
been used to study trimethylphosphine oxide on solid acids [114] whose
mechanism is shown in Scheme 1.35.
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Scheme 1.35: TMP adsorption: (a) chemisorbed on Lewis acid centers, (b)
physisorbed on hydroxyls (weak H-bonding interaction), and
(c) chemisorbed on Bransted acid sites.

1.6.4 Photoelectron Spectroscopy methods

Photoelectron  spectroscopy methods such as X-Ray Photoelectron
Spectroscopy (XPS) measure the kinetic energy of photoelectrons emitted from
the core of surface atoms upon X-ray irradiation of the uppermost atomic layers of
asolid. Therefore they can be used to characterize surface acid sites again through
the use of basic probe molecules [110]. It is especiadly useful for monitoring the
acidity of solid acids which are opague to IR irradiations. Problems with this
technique are that due to contamination and charging it is very difficult to obtain
accurate measurements and moreover, it cannot be used to determine total acidity

of microporous solid acids.

1.6.5 UV-Visible Spectroscopy

UV-visible spectroscopy was first used in the characterization of the
strengths of solid acids by Walling [115]. In this method, indicator bases that
change colour on protonation are used to probe the Bransted acid characteristics
of solid surfaces. Nevertheless, the difficulties in this approach have also been
well documented, and it appears that most investigators who have examined the
method in detail as a general approach for quantitative scaling of solid acids have
suggested either significant experimental modifications, or have abandoned the

UV-Visanalysisentirely.
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1.6.6 Temperature-programmed desorption of base molecules
Temperature-programmed desorption is based on the adsorption of volatile
amines such as pyridine, akyl amines including n-butylamine, methylamine,
ethylamine, n-propylamine etc. [115]. The principle behind this method is that the
higher the temperature required to desorb the base, the stronger the acid site. An
excess of base is added, and physically adsorbed base is removed by evacuation at
100-150°C. Whatever is left is chemically adsorbed and is used to measure the
total number of acid sites. Acidity values are determined by desorbing the pre-
adsorbed base by heating the sample at a controlled constant rate and measuring
the concentration of probes desorbing as a function of temperature. Limitations of
this technique include the restriction to certain basic probe compounds. Use of
ammoniamay be misleading as it can dissociate to give NH* and H* especially at
high temperatures, so can be adsorbed onto both acidic and basic sites. Thus,

amines have been recommended as more appropriate adsorbates.

1.6.7 Microcalorimetric methods

Base adsorption microcalorimetry allows an insight into both the overall
heats of adsorption and any distribution of values of the heat exhibited by a solid
acid, and this has been taken as an indicative way of characterizing the surface of
acid catalysts. The variation of the differential heats of adsorption as a function of
coverage is an indication of the homogeneity or heterogeneity of the adsorption
sites, and has been achieved by measuring differential heats of adsorption vs. gas
uptake using a basic probe molecule such as ammoniawith high accuracy by heat-
flow calorimetry and differential scanning calorimetry [112]. The amount of
probe gas is usually determined by gravimetry or more commonly by volumetric
glassware attached to the calorimeter cell [110]. Caorimetric methods can be
considered to give a measure of the total acidity or basicity as it do not
discriminate between Lewis and Brensted sites. In particular, differential heats of
adsorption can distinguish between sites of different strength, hence providing a
measure of the number of energetically different sites as well as a thermodynamic
measure of their acidity.
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1.7 Fly ash supported solid acid catalysts
Fly ash (FA) is a predominantly inorganic residue obtained from the flue

gases of high temperature furnaces at pulverized coal thermal power plants. Itisa
most commonly used cementitious or artificial pozzolanic material. According to
the American Society for Testing Materials (ASTM C618) [116], the ash
normally produced from bituminous coals containing more than 70 wt% SiO,,
Al,O3, Fe,0O3 and being low in lime is defined as Class F, while those produced
from lignite or sub-bituminous coal possessing SiO,, Al,O3; Fe,0O3; content
between 50 and 70 wt% and high in lime are defined as Class C. In our work, we
have focussed on Class F fly ash from a pulverized power plant. The
conventional application areas of fly ash utilization includes, geo-polymer
formation, zeolite synthesis, cement industries, adsorption of dyes and heavy
metals, waste water treatment, agriculture etc. [117-121].

FA cenospheres supported CuO-BiVO, prepared by modified metal-
organic decomposition (MOD) method is used for photocatalytic activity for
methylene blue degradation [122]. FA impregnated with iron nitrate used as a
substrate to produce industrial grade multiwalled carbon naotubes (MWNTS).
TiO2 nanoparticles in situ coated on FA have been utilized for water vapor
adsorption, decolourization and degradation of methyl orange under UV
irradiations [123]. FA modified with CuBr,, CuCl, and FeCl; are promising
materials for mercury adsorption and can be a potential alternative to activated
carbon [124]. Raw and modified coal FA effectively adsorb Cu*® ions from
waste water [125]. FA has been used for adsorption of NOy, SOy, organic
compounds and mercury in air and cations, anions, dyes and other organic matters
in water [116]. Nitric acid activated FA act as heterogeneous Fenton-like
catalyst for p-nitrophenol removal from water [126]. FA catalysts activated with
microwave irradiations have been applied in efficient and rapid synthesis of an
array of naphthyl-substituted cyclohexanone, carboxylates, indazolonols and
nitrohydrazones in dry medium [127]. Ru-based FA catalysts are employed for
H, generation from NHj3; decomposition [128]. The results revealed that the
surface area of FA could be enhanced and thus improved the dispersion of Ru

particles, resulting in higher catalytic activity. Acid treated FA having Bransted
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acidic sites act as low cost, effective and stable catalyst, highly suited for DME
production by dehydration reaction of methanol under vapor phase conditions
[129] as shown in Scheme 1.36.

DME CH.,OH

L \\ catalysis //

| Flyash USRS Csolid acia

Scheme 1.36: Dehydration of methanol over acid activated FA.

Catalytic activity of cobalt-FA catalysts are tested in oxone activation for
phenol degradation during waste water treatment [130]. Some 2E aryl chalcones
have been synthesized using greener catalyst Fly ash: H,SO, assisted solvent-free
environmentally benign crossed Aldol reaction [131] as shown in Scheme 1.37.

@] 0 0
).L + )'L Fly-ash:H,50, R )J\
Ar CH; A H  Microwave 480 Watts 4, C—C—Ar

H
Scheme 1.37: Synthesis of chalcones over Fly ash:H,SO, catalyst.

T

Green catayst Fly ash:PTS, formed by mixing of appropriate quantity of
FA and p-toluene sulfonic acid possess vigorous catalytic activity for microwave
assisted aldol condensation of methyl ketones and substituted aldehydes [132] as
shown in Scheme 1.38.

0 0 o)
)I\ e )k Fly-ash: PTS )J\
oo
Ar CHy A

H Microwave. 480W CE==C—AfF
Ar H
Scheme 1.38: Synthesisof aryl chalcones by arl methyl ketones and

benzaldehyde over Fly ash:PTS catalyst.
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FA has also been used as a solid support for microwave assisted solvent-free
O-akylation and acylation of thymol and geraniol [133]. A series of 6-substituted
2-naphthacyl esters have been synthesized by greener synthetic method using Fly
ash: water catalyzed agueous phase reactions [134] as shown in Scheme 1.39.

= Where R=H. F. Cl. Br. OH. OCH3. CH3. SCH3. SO>CH3

Scheme 1.39: Synthesisof estersover FA:water catalyst.

Coa FA has been used as a support material for nickel in the application of
CO, methane reforming [135]. The catalytic role of activated FA for different
reactions such as oxidation, oxychlorination and hydrogenolysis [136,137] is well
documented in the literature. Recently FA has been used for developing several
solid acid catalysts by loading various acids, super acids etc. FA supported
scandium triflate has been utilized for catalyzing Friedel-Crafts acylation of 2-
methoxy  naphthalene by acetic anhydride to give 2-acetyl-6-
methoxynaphthanlene [138]. The proposed model structure of FA supported

scandium triflate is shown in Scheme 1.40.

O\ F:’Ao
\":2:‘--. s —'//; o
Y Q =
'{_::__:'\‘::-""-" \ L / \o

Bronsted site

Lewis site ﬁ

L1 H [ ItI H H

I
lIJ )y (O] CJ > < L8 ]

T | | | | |
\vﬂkﬁ\/\f\/\/\/\/

K/

Scheme 1.40: The proposed model structure of FA supported scandium
triflate catalyst showing Lewis and Bransted acidic sites.
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Sulfated zirconia/FA (SZF-12) catalyst has been developed for catalyzing
liquid phase benzylation of benzene and toluene with benzyl chloride to produce

diphenylmethane and p-benzyl toluene [139] as shown in Scheme 1.41.

CI\HQCI @ @ACJ

Benzene

“"\j SPE.10 Diphenylmethane
= CH3
Benzyl chloride J\ /‘j
] /L Q/

Toluene p-benzyl toluene

Scheme 1.41: Benzylation of benzene and toluene with benzyl chloride over
SZF-12 catalyst.
Cerium triflate/FA catalyst (CFT) has been used for the synthesis of 3, 4-

dimethoxyacetophenone (anti neoplastic) by Friedel-Crafts acylation of veratrole
[140] as shown in Scheme 1.42.

OCH, OCH,
OCH, 0 O OCH
] \ u Fly ash supporled lrillate \ 3
(CFT)
+ N A S ; P |
= GH, 0 CHy S
Veratrole Acetic anhydride COCH;,

3, 4-dimethoxyacetophenone

Scheme 1.42: Acylation of veratrole with acetic anhydride over CFT.
FA supported concentrated sulphuric acid, hydrochloric acid, perchloric

acid has been synthesized by refluxing and used as solid acid catalyst for the
synthesis of aspirin (Scheme 1.43), oil of wintergreen, a series of acetates,
important chemical intermediates [141]. The attractive features of these
procedures are the mild reaction conditions, high conversions, operational

simplicity, regeneration and reuse of the catal yst.

O,  _-OH g OH
rxr )_L )L ARG ~CHgj 0
T \I‘(
\OH
S 1I1c3, lic acid Acetic anhydride ALEI}]SJ]IL} lic acid Acetic acid

Scheme 1.43: Esterification of salicylic acid with acetic anhydride to
acetylsalicylic acid (aspirin) by AFAC.

34



Chapter 1

1.8 Perliteascatalyst support

Perlite is a glassy, amorphous, hydrated volcanic ryholitic rock. Most of
perlite has produced from flows associated with thick accumulations of tuffs and
lava flows, and from domes. The perlite is a natural, vitreous substance that
contains 2-6% water [142] and is easily accessible in the most parts of the world.
It exists in gray, silver gray, dark brown and black colours. The density of the
perlite decreases as its volume increases, and it can be described as a lightweight
material. Total worldwide annual production of perlite is 700 million tons [143]
while in Turkey, 8 billion tons of perlite exist, corresponding to 70% of the total
world reserves [144]. In thiswork, Turkish Perlite has been employed. The types
of perlite found in Turkey are - Granular Perlite, Pumicite Perlite, Concentric
Structured Perlite, Devitrified Perlite, Phenicrystalline Perlite and Sandy
Perlite. Its average chemica composition is approximately 75% SiO, with oxides
of Al,O3 (14.8%), K20 (4.8%), NaxO (2.9%), CaO (0.9%), MgO (0.1%), Fe;0O3
(1.5%), and water (4.0%) [145]. Perlite can be unusually expanded up to 10-20
times of its original volume when heated rapidly at 850-1150°C [146] in a
manner similar to popcorn, due to the large volume change of trapped water
during its liquid-vapour phase transition in the softened structure [147]. The
resulting expanded perlite (EP) particles are spherical in shape, usualy fluffy,
highly porous due to a foam-like cellular interna structure. Perlite is generally
chemically inert and has a pH of approximately 7 [148]. The silicon atoms at the
surface tend to maintain their tetrahedral coordination with oxygen. They
complete their coordination at room temperature by attachment to monovalent
hydroxyl groups, forming different types of silanol groups [149] as shown in
Figure 1.4. However, silanol groups form on the perlite surface provide various

adsorption properties.
OH

\\ Si / . — Si/—OH
/ \OH \OI-I

Hydroxyl or silanol groups  Silanediol groups Silanetriol groups
Figurel.4:. Typesof silanol groupson perlite surface.

— Si—OH
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Most expanded perlite used by industry is in fillers, concrete and plasters,
roof insulation board, pipe insulation, refrigerator insulation, acoustical ceiling
tiles, filtration aids, oil absorbents, horticultural applications, animal feedstuff,
and crop farming [142,150-155]. The advantage of perlite is that this micro
porous and chemically inert silica support except than other benefits is more
inexpensive than the other supports. This could make it a viable candidate as an
economical adsorbent as well as good catalyst support. TiO, immobilized on
perlite granules can be utilized in photocatalytical degradation of ammonia,
photo-catal ytic decomposition of phenol, photocatalytic activity in NO oxidation
[145,156,157]. In the literature, adsorption of various dyes such as methylene
blue, victoria blue and methyl violet, oil, metal ions such as Cu(ll) and Cd(Il),
onto perlite samples have been investigated [150,158]. Perlite is essentially a
metastable amorphous aluminum silicate, and has recently been used as an
aflatoxin binder and adsorbent for controlling of wet litter and also decrease level
of chloride in blood serum [159]. Perlite due to its unique characteristic from the
processing point of view, enables it to get wetted with the polluted solution and
simultaneously be exposed to the radiation source when coated with the
photocatalyst makes it an idea support for the immobilization of photocatalysts
[160]. Photocatal ytic activity of the In-TiO/perlite materials has been evaluated
by the decomposition of ethylbenzene in moist air [161]. A composite material,
prepared by crosslinking perlite with polyacrylamide (PAAmM) and named as
P(AAmM-EP), appeared to have much improved adsorptive features [162]. The
feasibility of preparing nickel boride catalyst supporting on perlite and its
catalytic aptitude for potentia use in industrial processes has also been evaluated
[163]. Catalytic pyrolysis of tire waste using expanded perlite as an additive
material has also studied [164]. Novel composite adsorbents for As(V) removal
from agqueous solution are synthesized by successfully incorporating MnO,
nanorods and Fe,O3; nanoparticles onto ball-milled expanded perlite carrier
material [165]. Silver coated perlite produced through spray pyrolysis technique
has been utilized for studying ozone decomposition [166]. The potential use of
expanded perlite, a metastable amorphous hydrated aluminum silicate, as a

permanent medium for the long-term confinement of caesium has been reported.
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This ssimple method seems to be a good way to permanently confine caesium
discharged from recycled nuclear waste [167]. The conversion of perlite to
zeolitic materials and geolpolymers [168] under humid atmosphere and low to
medium temperatures (75-250°C) has been reported [169] and hence reveded a
novel way in enhancing the commercia value of the mineral. Various types of
zeolites have been synthesized from perlite, for example, ZSM-5, epistilbite,
gismondine, heulandite, tobermorite, zeolite-Pc, zeolite-V, zeolite-A, phillipsite,
analcime, Na-P1, sodalite octahydrate and faujasite [170-173] having widespread
applications in FCC naphtha aromatization, FCC gasoline aromatization etc.

1.9 Scope of thework

The present thesis proposed the modification of properties of fly ash and
perlite through appropriate activation techniques in order to convert them into
potential solid acid catalysts having similar catalytic activity as other commercial
supported solid acid catalysts. The solid acid catalysts reported in this work are
synthesized by loading of metal oxides, super acids as well as various mineral
acids on fly ash and perlite through adopting various methodologies viz.
precipitation, sol-gel, refluxing, incipient wetness impregnation etc. The prepared
catalysts from fly ash and perlite are characterized by different analytica
techniques like N adsorption-desorption, XRD, FT-IR, Pyridine adsorbed FT-IR,
SEM, SEM-EDX, TEM, TGA, UV-Vis DRS, NMR to evaluate their physico-
chemical properties. Adequate physico-chemical characterization of perlite is
lacking and little systematic work has been carried out on the compositional
analysis, chemical and physical nature of this material. The catalytic activity of as
prepared catalysts has been tested by industrially important acid catalyzed
reactions such as condensation, Friedel- Craft acylation, esterification,
benzoylation etc. via conventional and microwave assisted methods. The foremost
advantages of using microwave technique in this work are the very short time
periods involved in the synthesis, higher yields of products, enhanced reaction
kinetics and simplification of many reactions. All the prepared catalysts are found
to be recyclable up to many reaction cycles with analogous efficiency through

simple thermal activation suggesting that the prepared catalysts could not get
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deactivated during reactions. While extensive studies have been made on the
adsorption and other applications of perlite and fly ash, limited information is
available with regard to their use in catalysis. This catalytic study also explores
the wide applications of fly ash and perlite as solid acid catalysts in
pharmaceutical, petrochemical, fine chemical industries etc. To the best of our
knowledge, there has been no report related to the solid acid catalytic activity of
expanded perlite until now. Our research work is important as it has developed
novel type of solid acid catalysts from waste materials, fly ash and perlite to
catalyze many industrially important organic transformations, thus recommends
an innovative pathway to utilize huge reserves of such solid wastes and finds
possibilities of their valorization. Thiswork is aimed to act as a stepping-stone for
the prospective researchers into the rewarding field of utilization of waste

materials.
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Abstract

The procedure of extraction of silica through precipitation from an innovative,
naturally abundant silica enriched source- perlite has been discussed. Different
extraction methodologies adopted in previous reports, their drawbacks,
applications of commercial slica are reported here. Perlite formation,
characterization by different analytical techniquesis also included in this chapter.
Sructure, morphology, chemical bonding of extracted silica is discussed on the
basis of results obtained from different characterization techniques. The results
depict that the precipitated silica possesses higher surface area, spherical shape
and its maximum yield can be achieved under optimized synthesis conditions.
Effects of various acids and other extraction parameters on yield%, mor phology,
surface area of extracted silica are also illustrated here. In addition, comparable
FT-IR and XRD results of the extracted silica with that of commercial silica gel
indicate the superior quality of silica extracted by the optimized procedure. The
study suggests a lesser energy consuming, eco-friendly path for production of
highly pure amorphous silica from perlite. The chemicals used in this process can
be recycled and reused, making the whole procedure environmentally benign,
efficient, cost effective and thus finds a novel route to utilize huge reserves of
natural waste- perlite. Development of economically viable processes for getting

precipitated silica with specific properties assumes importance at this juncture.
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2.1 Introduction

Silica or SIO; is one of the valuable inorganic multipurpose chemical
compounds. It is the second most abundant material on earth’s crust and accounts
for approximately 32% of total weight of the earth crust [1]. Silicais a polymer of
silicic acid comprising of interlinked tetrahedral SiO4 units with general formula,
SiO,. Naturaly, silicais found in form of sand, glass, quartz etc. and existsin gel,
crystalline and amorphous forms. Silica gel can be classified into three different
types, depending on process of preparation, namely, aquagel (water filled pores),
xerogel (aqueous phase in pores is removed by evaporation method) and aerogel
(supercritical drying is used to remove agueous phase). Amorphous silica of fine
particle size, high purity and surface area has tremendous potential as catalyst
support and adsorbent in different chemical synthesis like pharmaceuticals,
cosmetics, paints [2-5], fertilizers, as precursor in ceramic industry, reinforcing
agent in rubber industry, cleansing agent in tooth pastes, anti-caking agent in food
industries [2,6-8] etc. Silica also has been used as a magjor precursor for various
inorganic and organometallic materials having wide applications in synthetic
chemistry as catalysts and in thin films or coatings for electronic and optical
materials [9,10]. Precipitated silica is used as a filling material in shoes and
genera rubber goods production [4,11]. In tires, it reduces rolling resistance,
increases abrasion resistance and wet grip [11] while, it is also used as desiccant
for moisture adsorption in various house-hold as well as electronic goods. Silica
particles coated with organic modifiers are used in stationary chromatography
phases, heterogeneous supported catalysts, in automotives, aerospace and sensor
industries [4,12-15]. Ultrafine silica has substantial potential for wide range of
applications including manufacturing of light-weight structura materials,
colloidal damper in field of mechanical engineering and other fine precision
equipments, zeolite synthesis etc. [4,16-20].

Silica used in various chemical applications is produced from either silicate
solution or silane reagents such as TMOS (tetramethylorthosilicate), TEOS
(tetraethylorthosilicate), PEDS (polyethoxydisiloxane) etc. [10,12,13,21]. Sodium
silicate (commercially known as sodium water glass) is a complex mixture of

silicate anions and polymer silicate particles [10] and is generally utilized as a
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precursor for silica precipitation. Manufacturing of sodium silicate is expensive
due to costly precursors and energy required to reach high temperature generaly
above 1300°C during cacination stages. This technique also produces
environmental pollution by generating CO,, waste water, sodium sulphate in huge
guantities, so, it is a very costly and environmental hazardous process. Various
synthetic procedures reported in literature for silica precipitation are- sol-gel,
micro-emulsion processing, plasma synthesis, chemical vapour deposition,
combustion synthesis, hydrothermal technique, fluidized bed, pressurized hot
water treatment process, carbonization and combustion, non isothermal
decomposition in oxidizing atmosphere [4,13,22,23] etc. Amongst, sol-gel process
is common which involves hydrolysis and condensation of TEOS in a mixture of
alcohol, water and NH3. Hydrolysis reaction gives dightly hydrolyzed TEOS
monomer intermediate which undergoes condensation to form silica [12]. Here,
starting materials (alkoxides) are very expensive, hazardous and can cause
blindness (with TMOS), therefore, their commercialization is prohibited [10].
Silica precipitation can also be carried out in open system under atmospheric
pressure [24], but results are poor in terms of yield% of silica so precipitated,
thus, closed systems under controlled temperature and pressure conditions is
favoured. In recent years, one of the world’s primary concerns is the “greenhouse”
effect, especially relating with CO, [22]. The main disadvantages of the
traditional techniques bring the high energy consumption and heavy pollution,
production of large quantities of CO, and inorganic salts, which have limited their
large-scale commercial applications and violated the principles of green
chemistry. Therefore, it is our industrial demand to develop a simple, energy
efficient, cost-effective method for producing silicawhich is very advantageousin
our day-to-day life. Besides amorphous silica, ordered mesoporous silica can aso
be synthesized by TEOS and sodium silicate having wide catalytic applications in
alkylation, isomerisation, trans-esterification, esterification, polymerisation
reactions [25-29] etc. Ordered mesoporous silica such as MCM-41, MCM-48,
SBA-15, SBA-3, SBA-16, MSU-X etc. are generaly synthesized through various
routes including, hydrothermal synthesis, surfactant-templated method, cationic-

neutral templating, co-condensation of chiral organosilane precursors, sol-gel etc.
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Perlite is a naturally occurring dense, glassy ryholitic volcanic rock mainly
comprising of fused silicoaluminate (more than 85%) and 3-5 % water. It is a
natural pozzolanic material, formed by cooling of volcanic eruptions with
simultaneous gas dissolving, so, the resultant solidified matter acquires a porous
structure. When rapidly heated at above 1000°C, perlite expands up to 10-20
times of its original volume [30]. Expanded perlite has fire resistance, sound
insulation, low moisture retention and low density properties, hence, used in
fillers, concrete and plaster, phase changing materials, insulators, acoustical
celling tiles, filtration aids, oil adsorption, horticultural applications [31-37] etc.
Particularly due to its silicoaluminate composition as well as high reactivity in
alkaline environment, perlite is used in zeolite synthesis [38]. This property can
also be utilized in silica precipitation. Perlite having amorphous silica is highly
soluble in basic solution which helps in silica precipitation. Its chemically inert
character and highly porous nature make it a good adsorbent and it has been rarely
explored as araw material for silica production.

This chapter describes the procedure of extraction of silica from a naturaly
abundant silica enriched source- perlite via precipitation. Basic characterization of
perlite and precipitated silica by different analytical techniquesis included in this
chapter. The results depict that the precipitated silica is globular, fine and
agglomerated possessing higher specific surface area and its maximum yield can
be achieved in optimized synthesis conditions. The influences of extraction
parameters including pre-washing procedure, effect of different acids, time,
temperature, pH of precipitation, NaOH concentration on yield of extracted silica
are also studied. In this chapter, FT-IR and XRD results of the extracted silica
with that of commercial silica are compared which indicate the improved quality
of silica extracted by the optimized procedure and aso recommends the further
utilization of extracted silica in various value-added applications like adsorption,
catalyst support etc. A new, less energy consuming, eco-friendly and recyclable
technique for the precipitation of silica is proposed in our present work. All the
reactants and by-products are recyclable in this process, and no pollutants are
released to the environment. Therefore, the recyclable technology is propitious to
reduce polluting emission and aso finds a novel route to utilize huge reserves of

natural waste- perlite.
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2.2 Experimental Procedure

2.2.1 Materials
Perlite is supplied by Indica Chem. Ind. Pvt. Ltd., India. Sodium hydroxide,
sulphuric acid, nitric acid, hydrochloric acid, perchloric acid, ammonia solution

are purchased from Merck.

2.2.2 Methodology
Dissol ution-precipitation technique has been employed for silica extraction

from perlite, involving alkali solubilisation and acid precipitation. First of al,
perlite is thoroughly rinsed with 1 N HCl solution to remove dust and other
metallic impurities. Then, it is successively washed with distilled water to remove
acid from perlite. After washing, perlite is calcined at 800°C for 3 h, named as
thermally activated perlite (TAP) and is utilized as araw material to produce silica
by adopting following procedure-

(i) Dissolution- 10 gm of TAP is stirred with 80 ml of NaOH solution with
varying concentration in a covered 250 ml Erlenmeyer flask at various
temperatures ranging from 30-120°C for different time periods ranging from
1-24 h. The resultant sodium silicate solution is then filtered through
Whatman No. 41 ashless filter paper and residue is washed with 50 ml of
boiling distilled water. Washings and filtrate are allowed to cool at room
temperature and used for subsequent steps.

(i) Precipitation- Viscous, transparent, odourless filtrate containing sodium
silicate is titrated with 5 N solutions of different acids (HCI, H,SO4, HCIO,
and HNO3) under constant stirring up to varying pH, i.e., 2, 5, 7 and 8.5. In
order to attain basic pH, NH4OH is used after adding acidic solution to the
filtrate. Acidic solution is added slowly with constant stirring to avoid local
changes in pH during precipitation. On fast addition of acid, chemistry of
reacting mass may change along with physical properties. The acidic
conditions indicate approximately complete precipitation of silica from
sodium silicate solution. A soft gel is formed after precipitation which is
then aged for 12 h.
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(ilf) Washing- After ageing, precipitated silica so formed is filtered from mother

(iv)

v)

liquor and successively washed by vacuum filtration using hot distilled
water to remove respective metal salts like NaxSO4, NaCl, NaNOs, NaClO,.
The washings or clear supernatant liquid are tested qualitatively to
determine the presence of ClI', SO,2 ClO; and NOs ions. The filtrate is
repeatedly washed up to negative results of above tests.

Drying- Thus obtained slurry is dried in vacuum oven at 110°C for 12 h.
The dried materia is then refluxed with 1 N HCI at 100°C for 2 h for
removal of mineral impurities like Al, Na, K etc. from silica. Then, it is
washed repeatedly to get rid of acidic contents with demineralised water.
Now, the obtained precipitated silica is dried at 110°C for 12 h and
designated as precipitated silica (S), (N), (ClO4) and (Cl) precipitated by
H.SO,4, HNO3, HCIO,4 and HCI respectively.

Quantification- Following formula is used to determine yield% of silica

precipitated after adopting above steps-

mass of silica precipitated x 100

Silica extraction yield (%) = _
mass of perlite used

The steps of silica extraction from perlite are summarized in Scheme 2.1.

2.2.3 Characterization of samples

Physicochemical properties of all prepared samples and starting material

(perlite) are studied by N, adsorption-desorption, XRD, FT-IR, SEM, SEM-EDX,
TEM, TGA and UV-Vis DRS techniques, as described in Annexure-I.

2.3 Characterization of perliteand TAP

Thermal activation of perlite results in its colour change from light grey to

light pink, due to removal of excess water and carbon. A colour change at 800-

900°C corresponds to the crystallization of phases and reduction of glass content

[39]. The magor component of perlite is silica and untreated silica is totally

hydroxylated, also covered with physically adsorbed water.
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Scheme 2.1: Precipitation of silica from perlite using various mineral acids.
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Thermal treatment of the support initially removes water (dehydration) and
then combines adjacent hydroxyl groups to form water (dehydroxylation). This
dehydroxylation leads to the formation of surface siloxane bridges [40] which
helps in increasing surface hydroxyl groups. Loss on ignition (LOI) is determined
experimentally by heating a certain weighed quantity of perlite in muffle furnace
at 800°C for 3 h. The LOI amount is 4.1 wt % which corresponds to the removal

of moisture and coexisting unburned carbon from sample [41].

2.3.1 BET analysis

BET specific surface area of samples indicates that on thermal activation,

specific surface area of perlite decreases from 2.6 to 2.2 m/g.

2.3.2 X-ray diffraction analysis

The broad X-ray diffraction pattern of perlite (Figure 2.1a) confirmed the
absence of crystalline structure [9] which is typical for amorphous solids.
However, thermal treatment of perlite at higher temperature could convert less
ordered structure to more ordered structure and a single, small crystalline peak
appears in TAP at 28 = 27.642° (Figure 2.1b) which shows crystaline quartz
formation in perlite [42] along with a broad hump at 26 = 22-23° confirming
amorphous nature of silica [23]. Previous reports [43] reveal that burning
temperature higher than 973 K induced production of crystalline structure in
silica

2.3.3 Fourier transform infra-red analysis (FT-I1R)

FT-IR spectra of perlite and TAP (Figure 2.2) shows a broad band between
3600-3300 cm™, which is attributed to surface hydroxyl groups of —Si-OH and
water molecules adsorbed on the surface [44]. The broadness of band indicates the

presence of strong hydrogen bonding in the sample [45].

55



Chapter 2

Intensity (counts)

(b)

@

0 15 0 5 0 B 0 5 0 5 60 6 7
2 ThetaDegree

Figure2.1: X-ray diffraction pattern of (a) perliteand (b) TAP.
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In perlite, the hydroxyl groups exist in higher degree of association with
each other which results in extensive hydrogen bonding, while in FT-IR spectrum
of TAP (Figure 2.2b), the intensity and broadness of band is decreased which
confirms the loss of water. The strong band at 1178 cm™, due to the structural
siloxane framework, attributes to the vibrational frequency of the Si-O-Si bond.
The peak is shifted to higher wave number, i.e., 1227 cm™ after thermal treatment,
which is normally observed in amorphous silica samples [46]. An intense peak at
1632 cm™ in the spectrum of perlite is attributed to bending mode (8o.) of water
molecule [47], which is again highly decreased in case of TAP.

2.3.4 Scanning electron microscopy (SEM and SEM-EDX analysis)

SEM micrograph of perlite (Figure 2.3a) reveaded the irregular, crumbled
morphology of perlite particles. Similar pattern is observed in other reported
micrographs of perlite [31]. SEM image of TAP (Figure 2.3b) is mainly
fragmatic and random as a result of thermal activation. But here, the morphol ogy
is less irregular which confirms the evaporation of water from the perlite sample
on heating it at high temperature.

EDX analysis of perliteand TAPisgivenin Table 2.1.

Table2.1: EDX analysisof perliteand TAP.

SiOz A|203 K,0 Na,O Zn0O FeO T|02 LOI
Samples  (wt%)  (wt%) (Wt%)  (wt%) (wt%) (Wt%)  (wt%)

Perlite 72.74 14.79 7.48 2.10 2.04 0.91 0.07 4.1

TAP 72.24 14.59 7.42 2.01 2.04 0.91 0.07 2.3

LOI- Loss on ignition

2.3.5 Transmission electron microscopy (TEM analysis)

A more redlistic vision of irregular morphology of perlite can be furnished
by TEM image (Figure 2.4). In TEM micrograph, irregular plate-like particles
and small aggregates are clearly observed due to hydrogen bonds between the
surface hydroxyl groups of silica particles.
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Figure2.3: SEM micrographs of (a) perliteand (b) TAP.

59



Chapter 2

Figure2.4: TEM micrograph of perlite.
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2.3.6 Thermo-gravimmetric analysis (TGA)

The TGA curve of perlite, as shown in Figure 2.5, shows continuous
decrease of 4.53 wt% from 50-1000°C which is in accordance with LOI value.
Weight loss in lower temperature range (50-400°C) corresponds to the removal of
moisture content of the sample or physically adsorbed water molecules together
with some volatile materials. Total moisture content comprises of water entrapped
in core, silanol hydroxyl groups and physically adsorbed water. While, the weight
loss of sample within range of 400-1000°C corresponds to the burning of
carbonaceous materials that were firmly adsorbed on the surface of the solid
materials, removal of chemisorbed water and volatilization of some trace metal
oxides[41].
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Figure2.5: TGA curveof perlite.
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2.3.7 Ultra violet-Visible Diffuse Reflectance spectroscopy (UV-Vis
analysis)

UV-Vis DRS spectrum of perlite (Figure 2.6) shows a broad band around
230 nm which is a common feature of aluminosilicate samples [48]. This band

appears not only for amorphous systems, such as silica gels but also present in

crystalline silica structures as well asin zeolites too.
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Figure2.6: UV-VisDRS spectrum of perlite.
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2.4 Characterization of silica precipitated from perlite
2.4.1 BET analysis

Surface area of precipitated silica depends on several process parameters
such as concentration of silicate solution used for precipitation, temperature of
precipitation, duration of precipitation [49] etc. Precipitated silica possesses
greater surface area than perlite and its value is highest for silica precipitated by
HCI, as demonstrated in Table 2.2. It can be explained on the basis of sodium
content present in al samples. The order of sodium content in all samples is —
Perlite > Silica (N) > Silica (ClO,4) > Silica (S) > Silica (Cl). This is due to
formation of various sizes of sodium salts during acid precipitation [50]. Residual
metals and sodium salts adhere to silica matrix, block the pores [51] and thus
decreases surface area. NaCl formed by HCI precipitation is smaller in size, thus
gets removed by water washing and sodium content decreases while surface area
of sample increases. According to BET calculation, average pore diameter of
silica (Cl) particles is 4.97 nm suggesting mesoporous hature of silica

precipitated.

Table2.2: BET specific surface area data of samples.

BET specific surface area

Samples (m?/g)
Perlite 2.6
TAP 2.2
Silica(Cl) 114.14
Silica () 104.42
Silica (ClO,) 98.02
Silica(N) 94.56

2.4.2 X-ray diffraction analysis

All precipitated silica samples (Figure 2.7a-d) show the amorphous nature
as observed with absence of sharp defined peaks in XRD patterns [9]. The broad
hump centred at 20 = 22-32° is characteristic of amorphous silica and indicate its

disordered structure [23]. Absence of any peak attributed to metallic impurities or
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any other metallic salts like NaCl, Nax;SO, etc. shows that acid washing of perlite
before precipitation as well as acid washing of silica after drying is effective in
removing metallic impurities which is confirmed later by SEM-EDX results.
Precipitated silica (Cl) sample has most intense hump which confirms the higher
amount of amorphous silicain it. The XRD patterns as observed for precipitated
silica samples are found similar to that of commercial silicashown in Figure 2.7e.
More intense hump shown in case of precipitated silica (Cl) (Figure 2.7a)

indicates its finer quality.

2.4.3 Fourier transform infra-red analysis (FT-IR)

FT-IR spectra of all precipitated silica samples are shown in Figure 2.8a-d.
Band between 3600-3300 cm™ is attributed to surface —OH groups, adsorbed
water molecules bound to silica surface and hydrogen bonding between them.
Intensity of —OH band seems higher due to increased intermolecular hydrogen
bonding as a result of agglomeration of silica particles [50]. Shoulder present at
3246 cm™ could be assigned to stretching vibrations of Si-OH group in amorphous
silica samples [52]. Bands appearing at 800, 1080 and 1200 cm™ denotes Si-O-Si
vibration modes of highly condensed gel network. Pesk at 800 cm™ is due to Si-
O-Si symmetric stretching vibrations [21] while peak at 960 cm™ appears due to
stretching mode of Si-OH (silanol groups) typically present in amorphous silica
gel structures [53]. Peak at 1098 cm™ is due to Si-O-Si asymmetric stretching
vibrations. IR band at 1111 cm™ with a shoulder at 1188 cm™ is generaly
ascribed to TO and LO modes of Si-O-Si asymmetric vibrations [52]. Band
between 1400-1250 cm™ is due to structural siloxane bonds (Si-O-Si). Band
appearing a 3600-3300 cm™, and 1650 cm™ responsible for —OH stretching and
bending respectively are more pronounced in the spectrum of commercia silica
gel (Figure 2.8e) indicating thes presence of intense hydrogen bonding. The
bands at 800, 900, and 1,220 cm™ which are more clearly visible in the
commercial silica gel could be attributed to the network vibration modes
indicating the existence of a highly condensed gel network [3]. The comparable
chemical bonding with commercia silica confirms the finer quality of silica so

produced by HCI precipitation.
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Figure2.7: X-ray diffraction pattern of (a) precipitated silica (Cl) (b) silica
(9), (c) silica (ClQy), (d) silica (N) and (e) commercial silica.
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Figure2.8: FT-IR spectraof (a) precipitated silica (Cl) (b) silica (S), (¢)
silica (ClOy), (d) silica (N) and (e) commer cial silica.
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2.4.4 Scanning electron microscopy (SEM and SEM-EDX analysis)

SEM micrographs of silica precipitated by different acids are shown in
Figure 2.9. They demonstrate that agglomeration occurs and particles tend to
acquire spherical shape confering increase in amorphous silica content after
precipitation [23]. Extracted silica particles are globular, highly porous and
present in different shapes and sizes. Such type of gelatinous mass is due to the
presence of amorphous silica gel skeleton. Most ultra fine, spherical and uniform
particles are shown in case of precipitated silica (Cl), (Figure 2.9a) conferring
that silica particles with superior and fine qualities are produced by HCI
precipitation.

SEM-EDX analysis of silica precipitated by different acidsis givenin Table
2.3 which does not show the presence of sulfate, chloride, chlorate, nitrate ions,
thus indicating that these ions are well removed from the mother liquor by
washing. Generally, sulfate ions specifically adsorb on (hydrous) oxide surfaces,
similar to phosphates or chromates [54]. As evident from the table, silica
precipitated by HCI possesses highest amount silica amongst al precipitated silica

samples.

Table2.3: EDX analysis of precipitated silica samples.

Si0, AlLO; NaO TiO, SO,° cr ClO; NOj3

Samples

(Wt%) (wt%) (wt%) (wt%) (Wt%) (Wt%) (Wt%) (wt%)
Precipitated

90.02 941 0.48 0.09 - - - -
Silica(Cl)
Precipitated

88.13 1086 0.87 0.14 - - - -
Silica(9)
Precipitated

Silica 8436 1402 136 0.39 - - - -
(CIOy)
Precipitated

8136 1644 205 014 - ; ] ]
Silica(N)
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Figure2.9: SEM micrographs of (a) Precipitated silica (Cl), (b) silica (S),
(c) silica (ClO,4) and (d) silica (N).
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2.4.5 Thermo-gravimmetric analysis (TGA)

The difference in mass of sample before and after thermal treatment is
referred as Loss on Ignition (LOI). The unburnt carbon, adsorbed moisture and
CO; remain present as LOI in perlite. The pre-treatment of perlite with HCI before
precipitation reduces carbon and mineral impurities present in the sample through
leaching. The TGA curve of precipitated silica (CI) sample having highest silica
content is shown in Figure 2.10. A sharp weight loss seen up to 200°C could be
ascribed to evaporation of physically adsorbed residual water [55]. Further
considerable weight loss is observed between 300-1000°C which is due to
progressive poly-condensation, dehydration of chemically adsorbed water
molecules and decomposition of volatile metallic impurities. Silanol groups
present on surface of precipitated silica condense to form siloxane bridges. In this

region, residual sodium salt (NaCl) also gets decomposed [50].
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Figure 2.10: TGA curve of precipitated silica (Cl).
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2.4.6 Ultra violet-Visible Diffuse Reflectance spectroscopy (UV-Vis
analysis)

A broad band centred at 230 nm is typically for aluminosilicates [48]. On
comparing UV-Vis spectra of all precipitated silica samples as shown in Figure
2.11, it is demonstrated that highest absorbance is seen in case of precipitated
silica (Cl) concluding highest silica content in it as compared to other samples.
The intensity and absorbance of this band in precipitated silica (Cl) is even higher
than that of perlite indicating higher percentage of silicain precipitated silica than
perlite. This band appears not only for amorphous systems, such as silica gels but

also present in crystalline silicamaterials as well asin zeolites.

2.2
20, — Predipitated Silica (ClO)
a —— Precipitated Silica (Cl)
1.8+ —— Precipitated Slica (N)
16—- —— Precipitated Slica (S
8 1.4—-
8 121
2 104
3 ]
QO 0.8
< ]
0.6+
0.4+
0.2+
0.0 T " T ' T - ‘—Iﬁ‘;‘
200 300 400 500 600 700 800
Wavdength (nm)

Figure2.11: UV-VisDRS spectra of precipitated silica samples.
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2.5 Parametric studies

Solubility of amorphous silicais lower in acidic pH and increases sharply at
pH > 10. The properties of precipitated silica depend strongly on its synthesis
conditions such as ageing time, temperature, pH, modes of washing, concentration
of NaOH etc. These factors influence size of SIO, particles, their aggregation and
specific surface area. The optimization of above synthesis factors is attained so
that silica precipitated in this work can be further utilized for commercial

applications.

2.5.1 Influence of different acids

Table 2.4 shows the influence of different acids on yield% of precipitated
silica. On precipitation by acids, metallic and non-metallic impurities get leached
off from the fina product. By HCI precipitation, maximum metallic impurities
removed as metallic sats with chloride ions are small in size, so they cannot
entrap in amorphous silica structure and eliminated from the fina silica product
through washing and drying. Thus, highest yield% of precipitated silicais attained
through HCI precipitation.

Table 2.4 A comparison of yield% of precipitated silica samples under
optimized synthesis conditions.

Samples Yield%
Silica(Cl) 92.64
Silica (ClOy) 88.26
Silica(S) 86.98
Silica(N) 78.86

Optimized synthesis conditions: Ageing time = 12 h; Ageing temperature = 90°C; NaOH
concentration = 6M; pH = 5.

2.5.2 Influence of washing or pre-treatment
The metallic impurities of perlite like K, Na, Ca, Mg have a substantial

effect on quality of silica precipitated from perlite as potassium causes surface

melting, accelerates crystallization of amorphous silica [56]. All other impurities
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can form respective salts with acids used for precipitation and block the pores of
surface resulting in decrease in surface area. Therefore, acid washing of perlite
prior to precipitation is preferable to obtain highly purified silica powder with
lesser impurities. The chemical reaction between HCl and metal ions results in
leaching of metallic impurities in form of sats which is later removed by
filtration. After washing, perlite is thermally activated which helps in
decomposition of remaining volatile metal impurities at higher temperature.
Similar acid washing step is also applied after drying of precipitated silica powder
to get rid of remaining metallic impurities. Washing of dried silica powder with
deionized water is more effective than washing the silica gel before drying in
terms of removal of metal ions from silica. During drying, metals entrapped in
silica framework get free which then can be removed by acid washing. Divalent
and trivalent ions like Ca, Mg, Fe are strongly adsorbed on silica surface and
require lower pH washing for their removal. Thus, an initial acid washing of
perlite before silica precipitation is essential. It does not cause any adverse effect
on silicayield%. In fact, initial acid washing of substrate and final water washing
of dried silica effectively enhances purity of the silica sample so precipitated [50].

2.5.3 Influence of ageing temperature

Figure 2.12 shows effect of ageing temperature on yield% of precipitated
silica. On increasing ageing temperature from 30 to 90°C, yield% aso increases
due to accelerated growth of silica framework. However, on further increase in
ageing temperature up to 120°C, gelation rate becomes faster thus forms thicker
silicaframework while, yield% decreases. These thicker and larger silica particles
lead to pore shrinkage which ultimately reduces surface area of silica so

precipitated.
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Figure2.12: Variation of yield% of silica precipitated by different acids
with temperature.

2.5.4 Influence of ageing time

Ageing time plays a significant role in silica yield% and particle size
distribution. It is a process of dissolution and precipitation driven by solubility
difference. During ageing, smaller silica particles are dissolved and then
precipitated onto larger particles with increase in ageing time. Figure 2.13 shows
the yield% of silica obtained by hatching of sodium silicate solution at various
ageing time periods during gel formation. On increasing ageing time from 1 to 12
hours, a remarkable increase in yield% is seen which is then decreased on
increasing time period from 12 to 24 h. During ageing period, particle formation
is controlled by nucleation and surface growth. In beginning, nucleation process is
slow, so yield% is aso less which is optimized at 12 h. When time exceeds 12 h,
surface growth begins to control silica formation, thus particle size increases and
yield% decreases. This increase in particle size also decreases surface area of
silica so precipitated. At 12 h, silica gel reached dissolution equilibrium and thus
yield% is maximum here. Between 0-6 h, yield% is very less as amorphous silica
of perlite does not get dissolved initially. After acid precipitation, during ageing,
3-D silica framework continues to grow and become more rigid by contracting

and expelling water present inside the pores [53].
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Figure2.13: Variation of yield% of slica precipitated by different acids
with time.

2.5.5 Influence of NaOH concentration

Figure 2.14 shows effect of NaOH concentration on yield% of silica
precipitated. As NaOH concentration is increased from 2 M to 6 M, yield% aso
increases progressively which is then decreased at 8 M NaOH concentration. At
lower NaOH concentration up to 6 M, gelation rate is low hence yield% is less
while above 6 M NaOH concentration, gelation rate is accelerated, forming
thicker and bigger silica particles resulting in reduced yield% and surface area
because of reduction in pore size. At 6 M NaOH concentration, gelation rate is
optimum and an equilibrium has formed between nucleation and growth reaction
and thus yield% is also maximum.
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Figure2.14: Variation of yield% of slica precipitated by different acids
with NaOH concentration.

2.5.6 Influence of pH

Silica precipitation is observed over a wide range of pH, from acidic (pH =
2, 5), neutral (pH = 7) up to basic (pH = 8.5) which is summarised in Figure 2.15.
Solubility of amorphous silicais very low at pH < 10 and increases sharply at pH
> 10. Thus silicais extracted from perlite by solubilising under alkaline conditions
and subsequently precipitation at low pH. At acidic pH, metalic impurities are
easily leached off from the precipitated silica and thus purity of silica increases.
Silica starts to precipitate as pH decreases to less than 10. At pH > 7 in the
absence of sdts, electrostatic interaction between charged particles limits the
aggregation process to form a three-dimensional, porous silica network.
Therefore, primary particles increase in size and decrease in number as a result of
the Oswald ripening process and consequently yield% decreases. Impurities are
higher at pH = 7 and 8.5, while at pH = 5, comparatively more pure silica is
obtained with maximum yield%. Silica samples obtained at low pH comprises of
fine particles with agglomeration due to H-bonding and Vaander Waals force of
attraction [9] leading to enhancement in specific surface area. On the contrary,
silicaobtained at higher pH consists of coarse, large particles resulting in decrease
in pore size, thus decrease in surface area due to pore blockage by metalic
impurities. Gelation pH is a critical parameter in quality determination [57]. For
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higher pH, two step procedure has been applied. NH,OH is used to precipitate
silica up to pH = 8.5 which is initially precipitated by HCI. It increases rate of
condensation and rate of gelation, thus producing coarse, large silica particles

with reduced surface area.
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Figure2.15: Variation of yield% of slica precipitated by different acids
with pH.

2.6 Mechanism

In silica precipitation, two reactions take place simultaneously i.e.,
condensation and sodium silicate acidification. The condensation reaction is
formation of siloxane linkage between surface silanol groups. In this step, sodium
meta-silicate is formed as a result of solubilization of silica present in perlite in

caustic soda and it can be written as-

SiO, + 2 NaOH > Na,SiO5 + H,0
Siliqa of Caustic Sodium W ater
Perlite soda meta-silicate
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Reaction of sodium meta-silicate, so produced in above step with HX
(different acids) solution during acidification process can be written as-

Na,SO; + HX or 2HX —» SO, + 2 NaX or Na,X + H,0

Sodium Acid Silica Sodium Water
meta-silicate precipitated sats

As aresult of above two-step procedure, amorphous silica gets precipitated
from perlite, along with sodium salts and water as by-products which can be
recycled and reused further. During regeneration, calcium hydroxide reacts with
residue containing insoluble metallic salts viz. Na;SO,4, NaCl, NaNO3, NaClO, to
form CaS0O,, CaCl,, Ca(NOs), and Ca(ClO4), respectively with sodium
hydroxide. This NaOH can be regenerated up to 90% and utilized again for
digestion of perlite [2]. The dried calcium salts can be either calcined to get CaO
or can be as such sold for value added applications.

2.7 Conclusion

In the present work, a ssimple chemical process is described which uses a
non-conventional raw material, perlite for extraction of slica A rapid,
environmentally benign, and low-energy method has been developed to
precipitate silica from perlite by alkali solubilization and subsequent acid
treatment. Prior to characterization of precipitated silica, physico-chemica
characteristics of substrate (perlite) are aso studied. The amorphous nature of
perlite and precipitated silica are clearly visible via XRD, FT-IR, SEM and TEM
results. UV-Vis DRS results aso confirm the presence of amorphous silica
skeleton in al samples. The properties of precipitated SIO, depend strongly on the
conditions of its synthesis, such as the synthesis temperature, time of
precipitation, pH, NaOH concentration and modes of pre-washing, washing and
drying. These factors influence the yield%, size of the SiO, particles, their
aggregation and specific surface area. The optimization of the synthesis factorsis
achieved, so that precipitated SIO, with higher specific surface area, produced as
described in the present work can be used for further academic investigations, and
also as a valuable commercial product. The comparison of precipitated silica with
commercia silica gel demonstrates that certain physical and chemical properties
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of precipitated silica are similar to commercial silicagel. This low energy method

could be more cost effective compared to the conventional smelting method.

Perlite can be a cost-effective raw materia for silica production because

amorphous silica content of perlite can easily be dissolved in sodium hydroxide

solution. This process not only alleviates the problems associated with perlite

waste disposal but also generates a higher profit margin, value-added product

creating a profitable new industry in developing country like India
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Abstract

Potentially active, eco-friendly, innovative solid acid catalysts have been
synthesized by loading various weight fractions of nickel on thermally activated
perlite through deposition-precipitation method. The physico-chemical properties
of prepared catalysts are analyzed using BET surface area analysis, XRD, FT-IR,
SEM, SEM-EDX, TEM, TGA-DSC and UV-Vis DRS techniques. Bragnsted acidic
sites in catalysts as confirmed by pyridine adsorbed FT-IR analysis are utilized
for catalyzing condensation of cyclohexanone and benzaldehyde giving higher
conversion (92%), selectivity (99%) and yield (90%) of desired product 2, 6- bis
(benzylidene) cyclohexanone, used in anti-tumor and cytotoxic activities. Effect of
reaction parameters like reaction temperature and time, molar ratio of reactants
and substrate/catalyst weight ratio on conversion, selectivity and yield% of
product are also studied. The catalyst is regenerated and reused up to six reaction
cycles with almost equal efficiency. This application recommends perlite as a

novel siliceous support for generating solid acid catalysts.
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3.1 Introduction

Acid catalysis is an important area of organic synthesis and of vital
industrial  significance predominantly in petrochemical, fine chemical and
pharmaceutical industries [1]. Homogeneous acids such as H,SO,, CH3SOsH,
AICl3, SnCl,, etc. are commercially used as catalysts in various organic reactions
including esterification [2], isomerisation [3], akylation [4], benzylation [5],
condensation [6], etc. However, the use of homogeneous acid catalysts has some
intrinsic drawbacks such as their difficult separation, tedious washing, corrosive
nature, lower selectivity of desired products etc. The principles of green chemistry
and increasing concerns about environmental issues have stimulated the research
for recyclable strong solid acids to replace conventional, toxic, homogeneous acid
catalysts. Heterogeneous catalysts such as silicotungstic acid, H,SO4-SIO, [7],
sulfamic acid [8], silica-sulfuric acid [9], ruthenium trichloride [10] are being
used as a replacement of homogeneous acids in condensation reactions.

Nickel based catalysts supported on different substrates like silica, alumina,
zirconia, zeolites have attracted research attentions because of their potential
applications in many important reactions such as hydrogenation [11], diesel steam
reforming [12], CO, reforming [13], dry reforming of methane [14] etc., while
less records are found for its application in condensation reactions [15]. Catalyst
support is vital as it facilitates higher dispersion of nickel oxide and prevents
aggregation of its particles [16] which in turn enhances efficiency of catalyst and
thus, maximum conversion and yield% of desired products is achieved. As a
lucrative aternative to these expensive classical supports, coal generated solid
waste, fly ash has been reported to synthesize many effective solid acid catalysts
[17-21]. With the increasing socia interests over environmental degradation and
future resources, it is of great importance for chemists to come up with new
approaches that are less hazardous to human heath and environment. In this
series, we have tried to explore stable surface active sites of anovel silica-alumina
enriched natural waste- perlite and its efficiency as a catalyst support. Application
of perlite as heterogeneous catalyst is not much explored in past except only few
earlier reports [22,23].
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The present chapter reports the synthesis, characterization and application of
perlite supported nickel catalysts, prepared by loading of nickel on thermally
activated perlite. The prepared NPC-15 catalyst has found to be effectively
recyclable up to six reaction cycles giving higher conversion (92%) and yield
(90%) with good selectivity (99%) of desired product, 2,6- bis (benzylidene)
cyclohexanone, used for anti-tumor and cytotoxic activities [24] and also an
important precursor for synthesis of potentially bioactive pyrimidine derivatives
[25,26]. The product is also used as intermediates in perfumes, pharmaceuticals
and agro-chemicals [27]. The reaction is carried out in single step, solvent free
reaction conditions. Effect of various reaction parameters on yield of products are
also studied during the course of the reaction. The study provides an innovative
use of abundant waste, perlite in area of heterogeneous catalysis and also imparts
an alternate cost-effective route for the substitution of corrosive homogeneous and
expensive heterogeneous acid catalysts used in the synthesis of 2,6- bis

(benzylidene) cyclohexanone.

3.2 Experimental

3.2.1 Materials

Nickel nitrate, sodium hydroxide, dimethyl glyoxime (DMG),
cyclohexanone and benzaldehyde are purchased from Sigma Aldrich. Perlite is
supplied by Indica Chem. Ind. Pvt. Ltd., India.

3.2.2 Catalyst preparation

As received perlite is initially activated thermally at 800°C for 3 h to
remove excess water, carbon and other impurities [28] and converted into
thermally activated perlite (TAP). All the catalysts investigated in this study
(NPC-10, 15 and 50) are synthesized by loading 10, 15 and 50 wt% nickel on
TAP by deposition-precipitation method. The requisite amounts (1.97 g for 10
wit%, 2.95 g for 15 wt%, 9.83 g for 50 wt%) of precursor salt (nickel nitrate)
dissolved in distilled water are added to 5 g of TAP. The resultant durry is stirred
for 12 h a room temperature to obtain homogeneity. Subsequently, the
homogenized durry is titrated with agueous NaOH solution until pH = 9-10 is
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attained. Thus formed precipitated gel is filtered, washed several times up to
neutral pH, dried at 110°C for 12 h and then calcined in static air at 450°C for 4 h.
The negative results of DMG tests confirm that no nickel ions leached off from
the catalysts during their synthesis [29]. The steps for synthesis of nickel perlite
catalysts (NPC) are given in Scheme 3.1.

3.2.3 Catalyst characterization

Physicochemical properties of al cataytic materials are studied by N
adsorption-desorption, XRD, FT-IR and pyridine adsorbed FT-IR, SEM, SEM-
EDX, TEM, TGA-DSC and UV-Vis DRS techniques, as described in Annexure-
l.

3.2.4 Catalytic activity

Claisen-Schmidt condensation between cyclohexanone and benzaldehyde
catalyzed by NPC-10, 15 and 50 to give 2,6- bis (benzylidene) cyclohexanone is
performed in a liquid phase batch reactor comprising of 250 ml round bottom
flask equipped with digital magnetic stirrer and spiral glass condenser, immersed
in a constant temperature oil bath. In this procedure, a mixture of cyclohexanone
and benzaldehyde (different molar ratios) is taken in round bottom flask. The
varying amounts of catalyst activated at 450°C for 2 h, is then added to the
reaction mixture. The reaction is carried out at different molar ratio of substrates
at different temperatures ranging from 120-170°C for time in the range of 30 to
180 minutes. After completion of the reaction the catalyst is separated and the
product is analyzed by Gas Chromatograph.

The conversion% of cyclohexanone is calculated by following method-

(Initial wt % - Final wt %)
Initial wt %

Conversion (%) = 100 X

The yield% of 2, 6- bis (benzylidene) cyclohexanone is calculated by using
following weight percent method-

g of product obtained experimentally
g of product btained theoretically

% yield of product obtained = 100 X
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Scheme 3.1: Synthesis of nickel perlite catalysts (NPC).
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Catalytic activities of cataysts are tested by Claisen-Schmidt condensation
between cyclohexanone and benzaldehyde in solvent-free, liquid phase reaction

conditions as shown in Scheme 3.2.

b6 =L

Baylidenecyddhexanone
o}
Cydde@oe Bawdodyoe -
/
2,6-Bis(banzylidene)oyd chexanone

Scheme 3.2:  Simplified reaction pathway of condensation of cyclohexanone
and benzaldehyde over NPC to give 2,6- bis (benzylidene)
cyclohexanone.

3.3 Resultsand discussion

3.3.1 BET analysis

BET specific surface area of samples as given in Table 3.1 indicates that
with increasing loading of nickel content from 10 to 50 wt%, the specific surface
area of catalysts decreases, probably due to blockage of perlite pores by NiO
particles [30,31].
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Table3.1: BET specific surface area data of samples.

BET specific surfacearea

Samples (m?/g)
Perlite 2.3
NPC-10 2.2
NPC-15 1.9
NPC-50 11

3.3.2 X-ray diffraction analysis

The broad X-ray diffraction pattern of perlite (Figure 3.1a), confirmed the
absence of any ordered crystalline structure [32]. However, in TAP, a single,
small crystalline peak appears at 20 = 27.642° (Figure 3.1b) which shows
formation of quartz crystaline phase in the sample [33] aong with a broad hump
at 28 = 22-23° confirming amorphous nature of silica [34,35]. The absence of
crystalline peaks in X-ray diffraction patterns of NPC-10 and 15 (Figure 3.1c and
d) is due to the fact that in the lower weight fraction catalysts, nickel oxide
particles remain dispersed on perlite surface in amorphous phase and more likely
too small in size to give a XRD peak [36]. While, in case of NPC-50 (Figure
3.1€), small humps begin to appear at 20 = 37.26, 43.29, 62.88° corresponding to
Miller indices [003], [012] and a combination of the [104] and [110] reflections of
NiO, respectively [37] which are evident of formation of Ni-O phase in the
sample. However, because of the weak, broad, and partially overlapping peaks,
the crystallite size determination of the Ni containing phase is difficult in NPC-50
[38].
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Figure3.1: X-ray diffraction pattern of (a) perlite, (b) TAP, (c) NPC-10,

(d) NPC-15 and (€) NPC-50.
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3.3.3 Fourier transform infra-red analysis (FT-IR)

FT-IR spectrum of perlite (Figure 3.2a) shows a broad band between 3600-
3300 cm, which is attributed to surface hydroxyl groups of —Si-OH and water
molecules adsorbed on the surface [39]. The broadness of band indicates the
presence of strong hydrogen bonding [40] while in FT-IR spectrum of TAP
(Figure 3.2b), the intensity and broadness of band decreases which confirms the
loss of water during thermal treatment. The strong band appearing at 1178 cm™,
due to structural siloxane framework, is attributed to the asymmetric vibrational
frequency of Si-O-Si bond. The pesk gets shifted to 1227 cm™ after thermal
treatment, normally observed in amorphous silica samples [41]. An intense peak
around 1630 cm™ in perlite, characteristic of bending mode (5o.) of water
molecule [42,43] is again highly decreased in case of TAP.

While loading of nickel on perlite, the surface gets activated through
hydroxyl groups as aqueous NaOH is used during catalyst preparation. The FT-IR
spectra of NPC-10,15 and 50 (Figure 3.3) show increase in broadness and peak
intensity of the band attributed to —OH groups. A new band appeared around 1050
cmt can be assigned to =Si — O — Ni stretching vibration [11] which is normally
observed in the range of 1000 — 1100 cm™ but cannot be resolved because of its
overlap with the absorbance of Si — O — Si stretching, appearing in 1300-1000
cm™ range. The band at about 964 cm™ may be attributed to the stretching
vibrations of surface Si—-O-Ni [44] and its intensity is slightly increased after
increasing nickel incorporation. The results imply that the interactions between

the surface silanols and nickel species are present in the catalysts.

3.3.4 Pyridine adsorbed FT-IR analysis of catalysts

The FT-IR spectra of NPC-10, 15 and 50, obtained after pyridine adsorption
in the range of 1550-1400 cm™ is shown in Figure 3.4. The band at 1538 cm™
(Figure 3.4a) indicates the presence of few Bransted acidic sites in NPC-10. In
NPC-15 (Figure 3.4b), broad bands appearing at 1438 and 1540 cm™ respectively
[45-47] show existence of some Lewis and optimal Brensted acidic sites for
suitable cataytic activity. NPC-50 has maximum Lewis acidic sites corroborated

by appearance of intense bands at 1438 and 1450 cm™ (Figure 3.4c).
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Figure3.2: FT-IR spectraof (a) perliteand (b) TAP.
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Figure3.3: FT-IR spectra of (a) NPC-10, (b) NPC-15 and (c) NPC-50.
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Figure3.4: Pyridine adsorbed FT-IR spectra of (a) NPC-10, (b) NPC-15

and (c) NPC-50.
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3.3.5 Scanning electron microscopy (SEM and SEM-EDX analysis)

SEM micrograph of perlite (Figure 3.5a) revealed irregular morphology of
perlite particles with broken or ragged edges, aso observed in other reported
micrographs of perlite [48,49]. SEM image of TAP (Figure 3.5b) is mainly
fragmatic and random [50] but the morphology is lessirregular which suggests the
evaporation of water from the sample on heating at high temperature. SEM
images of NPC-10, 15 and 50 (Figure 3.5¢, d and €) demonstrates dispersion of
shiny, fine nickel oxide particles on surface of perlite.

EDX anaysis of perlite, NPC-10, 15 and 50 (T able 3.2) shows the presence
of S0, Al;O3 KO, NaO and other minor metal oxides in the samples.
However, the presence of nickel oxide in al NPC samples confirms its loading on

perlite surface.

Table 3.2: EDX analysis of perlite, NPC-10, 15 and 50.

SO, Al,O3 K,0 Na,O ZnoO FeO NiO LOI
Samples (Wt%) (Wt%) (wt%) (wt%) (wt%) (Wt%) (Wt%)

Perlite 72.74 14.79 7.48 2.10 2.04 0.91 - 41
NPC-10 71.09 12.14 5.68 1.86 - - 8.42 12
NPC-15 67.40 11.69 5.24 1.78 - - 13.89 0.8
NPC-50 40.28 9.47 - 154 - - 48.69 0.24

LOI- Loss on ignition

3.3.5 Transmission eectron microscopy (TEM analysis)

A more redistic vision of irregular morphology of perlite can be furnished
by TEM image (Figure 3.6a). The micrograph of NPC-15 (Figure 3.6b) shows
fine dispersion of nickel oxide particles on perlite surface. The results are in
agreement with SEM images. Particle size of nickel oxide could not be measured

because of its finer dispersion on the support.
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Figure3.5: SEM micrographsof (a) perlite, (b) TAP, (c) NPC-10, (d) NPC-
15 and (e) NPC-50.
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Figure3.6: TEM micrographsof (a) perliteand (b) NPC-15.
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3.3.6 Thermal analysis (TGA-DSC)

The TGA and DSC curve of NPC-15 (Figure 3.7) comprises of two main
regions having a major weight loss of about 8.96% up to 643.83°C and a minor
one of approximately 0.82% at higher temperature along with an exothermic DSC
band. The weight loss in first region could be due to remova of bulk water,
physisorbed water and loosely bound hydroxyl groups [51] and decomposition of
nickel precursor entrapped in the pores of the support [52]. The second region
exhibits only a slight weight loss probably due to further removal of chemisorbed
water through decomposition of Ni(OH), into NiO.
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Figure 3.7: (a) TGA and (b) DSC curves of NPC-15.
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3.3.7 Ultra violet-Visible Diffuse Reflectance spectroscopy (UV-Vis
analysis)

UV-Vis DRS is a senditive tool that has been widely used to detect the
presence of framework or extra-framework active species that are incorporated
into the mesoporous materials. Here, it is used to determine the state of nickel
species incorporated into silica frameworks of perlite. During steps of synthesis,
due to calcination of catalysts at 450°C for 4 h, the presence of Ni (OH), can be
ruled out. A broad band around 250 nm (Figur e 3.8) which becomes more intense
with increase in weight% of nickel loading suggests that Ni*? ions are in

octahedral local environment [53].
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Figure3.8: UV-VisDRS spectra of NPC-10, 15 and 50.
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3.4 Catalytic performance

The catalytic performance is tested by Claisen-Schmidt condensation
reaction of cyclehexanone and benzaldehyde to give 2, 6- bis (benzylidene)
cyclohexanone in single step, one-pot reaction conditions. Reaction is carried out
at 120°C for 120 minutes, taking cyclohexanone/benzaldehyde molar ratio of 1:2
and cyclohexanone to catalyst weight ratio of 5:1. Results given in Table 3.3
show that perlite, TAP and pure NiO do not possess any catalytic activity for this
reaction. In case of NPC-10, less selectivity (56%) for desired product is obtained
at lower conversion% (78%) due to presence of less Bregnsted acid sites on
catalytic surface while in the presence of NPC-15, the conversion, selectivity and
yield% is highest due to significant increment of active sites. The conversion,
selectivity and yield% are again decreased on using NPC-50 due to blockage of
surface active Bransted acidic sites by bulk deposition of NiO crystallites.

Table3.3: Catalytic activity of different catalysts for Claisen-Schmidt
condensation reaction.

Conversion% of Selectivity Yield

Catalysts cyclohexanone (%) (%)
Perlite Nil Nil Nil
TAP Nil Nil Nil

Pure NiO Nil Nil Nil

NPC-10 78 56 58

NPC-15 88 95 80

NPC-50 72 42 438

Reaction conditions: Time = 120 minutes; Temperature = 120°C; molar ratio (cyclohexanone/
benzaldehyde = 1:2); substrate/catalyst ratio = 5:1.

As suggested by these results, NPC-15 is chosen as the main catalyst for
further optimization of reaction parameters such as effect of reaction temperature
and time, molar ratio of reactants, substrate to catalyst ratio, in order to attain

maximum conversion and yield% with better selectivity%.
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3.4.1 Effect of reaction temperature

To optimize the reaction temperature giving maximum conversion,
selectivity and yield%, reaction of cyclohexanone and benzaldehyde is studied at
different temperatures ranging from 120 to 170°C for 150 minutes. The results
illustrated that the conversion% of cyclehexanone gradually increases with
increase in temperature as shown in Figure 3.9. The maximum conversion% of
cyclohexanone (92%) is obtained at 150°C within 150 minutes along with higher
selectivity (99%) and yield (90%) which get decreased on increasing temperature
up to170°C due to formation of side products and at higher temperature, reactants

remain in vapour phase, possessing less tendency to react with each other.
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Figure3.9: Variation of conversion, selectivity and vyied% of

cyclohexanone over NPC-15 with temperature.

Reaction conditions: Time = 150 minutes; molar ratio (cyclohexanone / benzaldehyde = 1:2);
substrate/catalyst ratio = 5: 1.

3.4.2 Effect of reaction time

The optimization of reaction time is carried out at 150°C to achieve
maximum conversion, selectivity and yield% of product in the range of 30 to 180
min as shown in Figure 3.10. It is found that in first 150 minutes, the
conversion% increases linearly up to 92% which remained constant till 180
minutes giving highest selectivity (99%) of 2, 6- bis (benzylidene) cyclohexanone
with 90% yield. On further increasing the reaction time, selectivity and yield%
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decreases due to formation of side product, 2-benzylidene cyclohexanone because
of enhancement of contact period of both reactants with each other.
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Figure3.10: Variation of conversion, selectivity and vyied% of

cyclohexanone over NPC-15 with time.

Reaction conditions: Temperature = 150°C; molar ratio (cyclohexanone/ benzaldehyde = 1:2);
substrate/catalyst ratio=5:1.

3.4.3 Effect of molar ratio of reactants

The effect of molar ratios of cyclohexanone and benzaldehyde on
conversion and yield% is monitored at different molar ratios varying from 2:1 to
1:3 asgiven in Table 3.4. The conversion and yield% of cyclohexanone is found
maximum (92 and 90%) respectively at 1:2 molar ratio as this could be the
equilibrating of each reactant quantity on acidic sites of NPC. In case of other
molar ratios, the amount of reactants was not sufficient to give higher conversion
and yield%.
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Table 3.4 Effect of molar ratio of cyclohexanone/benzaldehyde on
conversion and yield% over NPC-15.

Molar ratio Conversion% of Yidld%
(cyclohexanone:benzaldehyde) cyclohexanone
2:1 58 48
1.1 76 62
1.2 92 90
1:3 66 62

Reaction conditions: Time = 150 minutes; Temperature = 150°C; substrate/catalyst ratio = 5:1.

3.4.4 Effect of substrate to catalyst weight ratio

The effect of substrate to catayst weight ratio on conversion of
cyclohexanone and yield% of product is studied by varying the amount of catalyst
under optimized reaction conditions. As inferred from Table 3.5, it can be said
that at on increasing catalytic amount, conversion and yield% increases. It can be
attributed due to availability of enhanced number of cataytic active sites. On

further increase in the amount of catalyst no significant change is observed.

Table 3.5: Effect of substrate/catalyst weight ratio on conversion and
yield% over NPC-15.

Cycl ohexan:);lt?{) NPC weight (i:(;/rc]:lvc;erh :';( (;r::g’ngf Yield%
10:1 58 49
o1 92 90
251 90 88
Reaction conditions: Time = 150 minutes; Temperature = 150°C; molar ratio

(cyclohexanone/benzaldehyde = 1:2).
The maximum conversion (92%), selectivity (99%) and yield (90%) of
product is found when reaction is carried out at 150°C for 150 minutes, taking

cyclohexanone and benzaldehyde in 1:2 molar ratio and substrate to catalyst ratio
of 5:1 over NPC-15.

3.4.5 Comparison with other reported catalysts
As depicted from Table 3.6, it can be said that NPC-15 gives higher yield%

of 2, 6- bis (benzylidene) cyclohexanone than some previously reported catalysts.
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Table 3.6: A comparison of Claisen-Schmidt condensation reaction
between cyclohexanone and benzaldehydeto give 2,6- bis
(benzylidene) cyclohexanone over different types of
solid acid catalysts.

Catalysts Yield % References
SiO,-R-SO3H* 80 [54]
20% PW/N-SIO** 20 [55]

NPC-15*** 90 This study

Reaction conditions:
* Time = 72 minutes; Temperature = 90°C; molar ratio (cyclohexanone/benzal dehyde
= 1:2); catalyst weight =0.3g.

* Time = 30 minutes; Temperature = Room temperature, molar ratio
(cyclohexanone/benzaldehyde = 1:2); catalyst weight =0.2g.
***  Time = 150 minutes; Temperature =  150°C; molar ratio

(cyclohexanone/benzaldehyde = 1:2); catalyst weight =0.2g.

3.5 Mechanistic aspects

On the basis of results drawn from XRD, FT-IR, pyridine adsorbed FT-IR,
UV-Vis DRS studies, models can be proposed for NPC-10, 15 and 50 catalysts
(Scheme 3.3). They show presence of Bransted and Lewis acid sites on surface of
catalysts. The possible pathway for the production of 2, 6- bis (benzylidene)
cyclohexanone by condensation of cyclohexanone and benzaldehyde catalyzed by
NPC is shown in Scheme 3.4. In first step, the surface Bransted acidic sites of
NPC-15 help in formation of intermediate from cyclohexanone. In next step, this
intermediate in turn reacts with benzaldehyde to form desired condensation
product and releases water as side product. In final step, proton is transferred to
catalyst surface and the structure of catalyst remains intact.
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Scheme 3.3:  Proposed models of (a) NPC-10, 15 and (b) NPC-50.
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3.6 Regeneration and reusability of catalyst

The catalyst is filtered, washed with acetone, dried in oven at 110°C/12 h
and then calcined at 450°C/2h for its use in next reaction cycles. The regenerated
NPC-15 show efficient catalytic activity up to consecutive 6 reaction cycles
giving conversion% of cyclohexanone in the range of 92-83% and yield in the
range of 90-81% as shown in Figure 3.11. The FT-IR spectrum (Figure 3.12b) of
NPC regenerated after 6" reaction cycle resembles that of fresh NPC indicating
the stability of nickel loading on perlite. On using catalyst many times, amorphous
condensed polymer or B-carbon films are formed at lower temperature (<300 °C)
get physically deposited on catalyst surface through fouling mechanism [56] and
block the surface active sites of catalyst in such a way that access of reactants to
the catalyst is denied [57]. This phenomenon is further proved by decrease in
intensity of a broad band between 3600-3300 cm™ (Figure 3.12b) attributed to
surface hydroxyl groups responsible for catalytic activity. An intense peak at 1632
cm® characteristic of bending mode of —OH groups also decreases in FT-IR
spectrum of regenerated catalyst. Due to plugging of active sites, conversion and
yield% significantly decreases in sixth reaction cycle.
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Figure3.11: The reusability of NPC-15 in Claisen-Scmidt condensation
reaction.
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Figure 3.12:

FT-IR spectra of (a) NPC and (b) regenerated catalyst.
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3.7 ldentification of product
2, 6- bis (benzylidene) cyclohexanone - yellow crystals as shown in Figure

3.13, m.pt.- 119-120°C.

IR (KBr): 1664 cm-1(uc=o); 'H-NMR (CDCls): &: 1.72-1.88 (m, 2H, 4-
CHy), 2.82 -2.98 (m, 4H, 3 & 5 -CHy), 7.23-7.55 (m, 10H, Ar-H), 7.80 (s, 2H, 2
CH=CH).
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Figure3.13: Crystalsof 2, 6- bis (benzylidene) cyclohexanone.
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3.8 Conclusion

The present study elaborates the synthesis of a new type of solid acid
catalyst by loading of nickel on thermally activated perlite, possessing significant
acidity to catadyze Claisen-Schmidt condensation of cyclohexanone and
benzaldehyde with high conversion (92%), selectivity (99%) and yield (90%) of
the desired product, 2,6- bis (benzylidene) cyclohexanone in one-pot, solvent free
reaction conditions. The catalyst is easily filtered, regenerated and recycled
several times with analogous efficiency, suggesting the stability of acidic sites of
the catalyst during reaction. The results of various analyses recommend that the
optimum catalytic activity of NPC-15 is due to presence of sufficient surface
active Bransted acidic sites. While, at higher nickel loading, NiO crystallites
increases Lewis acidic sites and block the active Bregnsted acidic sites hence,
decrease in conversion, selectivity and yield% is observed. The novelty of this
work is utilization of abundant natural waste, perlite as a solid support for the
synthesis of highly efficient heterogeneous acid catalyst. This investigation
suggests that perlite could be an alternative to commercial silica for synthesizing
novel solid acid catalysts which can catalyze various industrially important

reactions in a cost-effective manner.
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Abstract

Fairly economic, potentially active, recyclable and microwave stable solid acid
catalyst has been synthesized by loading varying weight% of phosphomolybdic
acid on mechanically and thermally activated fly ash through incipient wetness
impregnation method. As synthesized catalysts are analyzed by N, adsorption-
desorption, X-ray diffraction, fourier transform infrared, scanning electron
microscopy, transmission electron microscopy, thermo-gravimetric analysis,
ultra-visible diffuse reflectance spectroscopy and solid state *P NMR techniques.
The catalytic activity is evaluated by a series of microwave irradiated Friedel-
Crafts acylation of various aliphatic alcohols and acetyl chloride under solvent-
free reaction conditions. Lewis acidity of catalysts as inferred by pyridine
adsorbed FT-IR studies initiates acylation reaction through generation of acylium
ions by electrophillic attack at m-electrons of the substrate. The effect of various
reaction parameters like time, temperature, power output etc. on conversion% is
also studied during this chapter. The catalyst could be recycled up to five reaction
cycles giving analogous conversion% under similar microwave reaction
conditions and the possibility of leaching of catalyst during reaction is analyzed
by hot filtration test. Surface roughness, specific surface area and thus the
capability of fly ash to serve as an effective catalyst support is increased by
mechanical and thermal activation. This work paves a way for the devel opment of
a cost-effective, improved fly ash supported catalyst and its novel applicationsin
industrially important microwave assisted acylation reactions.
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4.1 Introduction

Use of MAOS (Microwave Assisted Organic Synthesis) and MARS
(Microwave Assisted Reaction System) has been upsurge over last two decades.
Microwave assisted reactions are green, clean, energy saving, reproducible,
having fast reaction rates, suppress by-product and waste formation and hence
enhances selectivity of desired products. Conventional heating is relatively
inefficient and time consuming as it induces heating on walls of vessel while,
microwaves produce in-core volumetric heating of reactants thus making the
whole process efficient and fast up to 1000 folds. Microwave heating diminishes
potential energy barrier and favours the easier and earlier formation of
thermodynamic product depending upon the dipole moments of reactants and their
interaction with microwave irradiation. Three different mechanisms, namely,
dipolar polarization, conduction and interfacial polarization are responsible for
microwave heating [1]. Easier post reaction processes, product purification and
thus, low waste generation makes this process green and atom-efficient. Previous
problems of lack of control and reproducibility in domestic microwave ovens
have been overcome by use of dedicated microwave reactors with on-line accurate
monitoring of both temperature and pressure. Microwave irradiations coupled
with the use of inorganic mineral-supported catalysts under solvent-free
conditions, provide clean chemical processes with the advantage of enhanced
reaction rates, greater selectivity, higher yields and significant conversions.

Friedel-Crafts acylation reactions of aliphatic alcohols are of great industrial
significance as they synthesize various esters having wide applications in
pharmaceuticals [2], cosmetics [3], plasticizers through protection and
deprotection reactions [4], multi-step synthesis of various organic compounds [5]
etc. Acylations are commonly performed using carboxylic acids, acid anhydrides
and acyl chlorides as acylating reagents. Acylations by acyl urea, acyl imidazoles
[6] are aso reported. However, higher yields and smooth rates of acylation of
alcohols are seen on using aliphatic acyl chlorides [7]. Some microwave assisted
acylation reactions of aromatic compounds are also well precedent in literature
[8-11]. Numerous homogeneous catalysts like AlCl3, FeCls, BF3, ZnCl; etc. [12]
are often used for acylation reactions, but most of them are harsh, non-recyclable,

112



Chapter 4

moisture sensitive, require organic solvents and tedious reaction procedures. To
avoid the problems associated with use of homogeneous catalysts, heterogeneous
catalytic systems have been favoured. Commercia solid catalysts such as, clays,
zeolites, silica sulfuric acid, ZnO, bismuth and scandium triflates, arenesulfonic
acid functionalized SBA-15 [13-17] are employed in acylation reactions.
However, such processes have some limitations viz. cost, stability, cumbersome
methodologies, long reaction periods. Therefore, taking into account al above
facts, there becomes an essential demand for the development of a green, solvent-
free, economical protocol for acylation reactions especialy for industrial uses.

Heteropolyacids like phosphomolybdic acids are non-polluting, promising,
thermally and chemically stable Bransted acids. Given that heteropolyacids are
more efficient and acidic than conventional mineral acids like zeolites, mixed-
oxides etc. [18], they have been widely used in various organic syntheses like
methanol oxidation [19], glycerol esterification [20], acrolein production [21],
transesterification [22] etc. However, bulk heteropoly acids are non-porous,
having low surface area (5-8 m°g™) with few acidic sites for acylation reactions,
thus, they are generally supported on silica [23], silica-zirconia [24], zeolites in
various Friedel-Crafts acylation reactions [11].

In this chapter, synthesis of a novel, extremely potential, cost-effective,
recyclable fly ash supported phosphomolybdic acid catalyst (PMFA) has been
reported as an aternative for highly expensive, commercial, supported and
unsupported heteropoly acid catalysts. Mechanica and therma activation
increases surface area, surface silanol groups of fly ash and hence it can be
utilized as a stable support for further loading of phosphomolybdic acid (PMA).
The mineralogical, morphological, structura and surfacial properties of the
prepared catalysts are analysed during the course of work. PMFA is found
effectively stable and re-generable up to five reaction cycles over a series of
microwave assisted Friedel-Crafts acylation reactions between various aiphatic
alcohols and acetyl chloride under solvent-free atmosphere. The products of the
test reactions are important as solvents in lacquer and enamel industries [25] as
well as intermediates in perfumeries [26], thinner in paint formulations [3]. The

reaction parameters such as time, temperature, microwave power output etc. are
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further optimized for attaining maximum conversion% of reactants to desired
products. Thus, the study provides the development of an innovative, stable
catalytic system by utilizing a solid waste, fly ash for microwave irradiated

industrially beneficial organic transformations.

4.2 Experimental

4.2.1 Materials

Fly ash is collected from Jamshedpur Thermal Power Plant, Jamshedpur
(Jharkhand). Phosphomolybdic acid-PMA (99.99% purity) is purchased from
Sigma Aldrich. Methanol, aliphatic alcohols, acetyl chloride are purchased from
Merck.

4.2.2 Catalyst preparation

As received fly ash is mechanically activated in an agate jar of high energy
planetary ball mill (Retsch PM-100, Germany) using agate balls of 5 mm size for
10, 20 and 30 h with 250 rpm rotation speed. The ball mill is loaded with ball to
powder weight ratio (BPR) of 10:1. 30 h mechanicaly activated fly ash (MFA-
30), having higher specific surface area (30.02 m?q) is selected for further study.
MFA-30 is then thermally activated at 800°C for 3 h to remove excess water,
carbon and other impurities [27] and gets converted to thermally activated MFA-
30 (TMFA). PMFA catalysts are prepared using incipient wetness impregnation
method. Therein, the requisite amounts (0.25 g for 5 wt. %, 0.50 g for 10 wt.%,
0.75 g for 15 wt.% and 1.25 g for 25 wt. %) of PMA dissolved in 20 ml methanol
are added to 5 g of TMFA and stirred overnight in a closed vessel a room
temperature. The impregnated samples are dried at 110°C for 12 h and then
calcined in static air at 400°C for 3 h. As-synthesized catalysts are designated as
PMFA-x, where x =5, 10, 15 and 25 wt % of phosphomolybdic acid. The steps of
synthesis of PMFA catalysts are summarized in Scheme 4.1.
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As received fly ash (Jamshedpur Thermal Power
Station)

4

Mechanical activation of fly ash for 30 h at room
temperature with 250 rpm (MFA-30)

A 4

Thermal activation of MFA-30 at 800°C for 3 h
(TMFA)

. s

4

| Dissolution of requisite amount of phosphomolybdic
acid (5, 10, 15 and 25 wt%) mn 20 ml methanol

A 4

Addition of above solution to 5 g of TMFA

8

Stirring of resultant slurry at room temperature for
12h

4

Filtration and washing with distilled water up to
neutral pH

%
Drying at 110°C for 12 h
Calcination in static air at 400°C for4 h

Phosphomolybdic acid fly ash catalysts (PMFA-5,
10, 15 and 25)

-

.

~

Scheme4.1: Synthesis of fly ash supported phosphomolybdic acid catalysts
(PMFA).
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4.2.3 Equipment

The reactions are performed on single mode, PC operated, synergy.exe
software based, microwave equipment (CEM Focused Microwave™ Synthesis
System, Model Discover) shown in Figure 4.1, comprising of closed and open
vessel systems, with aworking frequency of 2.45 GHz, temperatures ranging from
25-250°C, pressure range from 0-300 Psi. An Infrared detector controls the
temperature during the reactions and a Teflon spill cup protects the detector from
exposure. An air compressor connected with the equipment is utilized for cooling
of reactions. The reactions are preferred in Powery,, mode, using simultaneous
heating and cooling method, under controlled conditions as maximum number of
microwave radiations is utilized in this mode.

The Discover System used in this study consists of following options:
Infrared Temperature Control System- The standard temperature control
system consists of a non-contact infrared sensor which monitors and controls the
temperature conditions of the reaction vessel located in the instrument cavity. The
temperature sensor is centrally located beneath the cavity floor and “looks” up at
the bottom of the vessel, shown in Figure 4.2a. A lens is positioned between the
sensor and the cavity floor to protect the sensor. The temperature sensor datais set
up in a feedback control loop with the magnetron to regulate the power output to
maintain the temperature set-point through the onboard processor.

IntelliVent™ Pressure Control System- This pressure control system as shown
in Figure 4.2b consists of aload cell to enable pressure measurement and control
of the reaction environment that senses changes in the external deflection of the
septa on top of the sealed pressure vial. The sensor housing incorporates a capture
and release mechanism that secures the reaction vessel in the cavity.with operator
selectable power output from 0 - 300 watts (+/- 30 watts) programmable in 1-watt
increments.

A sdf-adjusting, single mode microwave cavity that is manually accessed via
multiple attenuator ports (both ports are included).

A 4-line x 20-character vacuum fluorescent display with aphanumeric keypad

and on-board computer for programming and operational control of the system.
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3 safety interlocks and an interlock monitoring system to prevent microwave
emission when the attenuator port is not properly installed.

Stirring Option - The stirring option consists of a rotating magnetic plate located
below the floor of the microwave cavity. “Stirring” occurs when the rotating
magnetic field couples with a stir bar in the vessel.

Cooling Option — The cooling option consists of necessary valves and ports to
direct a cooling gas (either nitrogen or “clean” air) onto the vessel in the system
cavity. This option will decrease the temperature of a 2mL solution in a 10mL
Pyrex reaction vessel from ~150 °C to ~40 °C in less than 120 seconds. The gasis
user supplied at a minimum pressure level of 20 psi (~1.5 bar) and a flow rate of
25 liters/min.

4.2.4 Catalyst characterization

Physicochemica properties of all catalytic materials are studied by N
adsorption-desorption, XRD, FT-IR and pyridine adsorbed FT-IR, SEM, SEM-
EDX, TEM, TGA, UV-Vis DRS, Solid State *'P NMR techniques, as described in
Annexure-l. Crystallite size of the crystalline phase is determined from the peak
of maximum intensity by using Scherrer formula with a shape factor (K) of 0.9 as
below:

Crystallitesize=K.A/W. Cos 6

where, W = WL-Ws; W, is the broadened profile width of experimental

sample and W is the standard profile width of reference sample.

4.2.5 Catalytic activity

Friedel-Crafts acylation reactions between aliphatic alcohols and acetyl
chloride (Scheme 4.2) catalyzed by PMFA-5, 10, 15 and 25 to give corresponding
esters are performed in a microwave reactor. In this procedure, a mixture of
aliphatic alcohol and acetyl chloride (different molar ratios) is taken in a 10 ml
microwave via. The catalyst (substrate to catalyst weight ratio = 10:1) activated
at 400°C for 1 h, is then added in the reaction mixture.
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Figure4.l: CEM Focused Microwave™ Synthesis System (Discover
Model).

Microwave
Cavity

Vessel

Temperature
Sensor

(a)

Figure4.2: (a) Infrared Temperature Sensor and (b) IntelliVent Pressure
Sensor Assembly.
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The reaction is carried out in closed vessel system at 50 Psi pressure, by placing
the vial on microwave cavity under constant stirring at different time periods,
temperatures and power outputs. Then, the system is shut by an attenuator which
prevents the passage of harmful microwaves into surroundings. After input of
temperature, hold time, power and pressure parameters, the reaction is started by
clicking on ‘Play’ button under Powerma-On conditions. Initially, a beep sound
appears and reaction runs on ‘Ramp time’ mode. Therein, the equipment attains
all the desired parameters and then mode changes to ‘Hold time’, where the
reaction runs for the specified time period under simultaneous heating and cooling
conditions. Usualy, equipment takes 10-15 minutes to achieve al the set points,
i.e., ramp time. After completion of holding time, the instrument is turned off and
the reaction is cooled through air compressor. Then, the catalyst is separated, the
product is filtered and analyzed by Gas Chromatograph. Some live graphs
recorded by the instrument during reaction are shown in Figure 4.3.

The conversion% of alcohol is calculated by using following method —

(Initial wt % - Final wt %)

Conversion (%) = 100 X

Initial wt %
p
@) O
PVIFA /
ROH + » R oO—_C
H
d \ CH;

Alcond  Acatyl chloride Eder (Acylated Product)

Scheme4.2: Simplified reaction pathway of Friedel-Crafts acylation of
aliphatic alcohols and acetyl chloride over PMFA to give
corresponding ester.
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Figure4.3: Graphs recorded by instrument showing progress of reaction
(@) versus temperature, (b) versus power and (c) versus
pressure.

120



Chapter 4

4.3 Results and discussion
4.3.1 BET analysis

BET specific surface area of fly ash samples as given in Table 4.1 indicates
that with enhancing milling time from 10 to 30 h, specific surface area of fly ash
also increases from 9.18 to 30.02 m?/g which later on decreases in TMFA due to
thermal treatment. On increases loading of PMA content from 5 to 25 wt %, the
specific surface area of catalysts decreases progressively [28], probably due to

plugging of fly ash pores by PMA dispersion.

Table4.1: BET specific surface area data of samples.

BET specific surfacearea

Samples

(m°/g)
Fly ash 9.18

MFA-10 15.14
MFA-20 22.54
MFA-30 30.02
TMFA 28.47
PMFA-5 26.62
PMFA-10 22.84
PMFA-15 19.64
PMFA-25 14.48

Figure 4.4a shows the distribution of poresin MFA-30 on the basis of their
size. It can be clearly seen that majority of pores are mesoporous in nature and lie
in the range of 10-100 nm. Average pore diameter of MFA-30 is calculated to be
4.76 nm depicting its mesoporous nature. B.E.T. adsorption isotherm for MFA-30
as shown in Figure 4.4b, shows resemblance with Type Il and Ill adsorption
isotherms, characteristic of a material, which is not porous, or possibly

macroporous [29]. Although it aso shows some deviations from Type |1 isotherm,
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conferring the transition from macroporous to mesoporous behaviour as a
consequence of mechanical activation. For fly ash, it is not possible to get any of
the ideal types of isotherms due to availability of heterogeneous particles with
large variations in size, shape and porosity arrangements. The BET plots are
observed with linear range for saturation pressure range (0.05 to 0.28) i.e, the
pressure observed over (P/Po value) for the BET equation which resembles to
most of inorganic silica material [29]. High adsoprtion energy of fly ash is
responsible for active dispersion of loading species on it and makes it a suitable
catalyst support. While in case of B.E.T. adsorption isotherm of PMFA-15
catalyst (Figure 4.4c), it is aso showing deviations from Type Il isotherm, so, it
can be said that the catalyst is ensemble of all three types of porous particles, thus
provide active sites for reactants to undergo various types of organic

transformations.

4.3.2 X-ray diffraction analysis

The XRD patterns of the pure fly ash, MFA-30 and TMFA given in the
Figure 4.5 show decrement in the crystallinity of fly ash and increase in the
amorphous nature as inferred with decrease in the crystallite size of fly ash from
33nm to 18 nm on milling. The peaks at 16.4° and 26.2° show mullite (alumino-
silicate) phases while quartz (silica) exhibits strong peaks at 20.7°, 26.6°, 40.6°
and 49.9° of 26 values [30]. As aresult of ball milling, mostly quartz and mullite
crystalline phases are reduced. After thermal activation, magnetite phase tends to
disappear, while, peak responsible for haematite begins to appear [31] and

intensities of crystalline phases (quartz and mullite) increasesin TMFA.

In PMFA-5, 10, 15 and 25 catalysts (Figure 4.6) on impregnation of PMA,
the crystalline phases of silico-aluminate species in fly ash reduce and
consequently amorphous content increases because of interaction between anions
of PMA and silanol groups present on fly ash surface [32,33]. No separate
diffraction patterns corresponding to PMA or any molybdenum related phases are
observed, even in 15 wt% composition [34].
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Figure4. 4: (a) Pore distribution curve of MFA-30, (b) B.E.T. Adsorption
Isotherm of MFA-30 and (c) B.E.T. Adsorption Isotherm of
PMFA-15.
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Figure4.5: X-ray diffraction pattern of (a) Pure fly ash, (b) MFA-30 and
(c) TMFA.
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This fact indicates that PMA species are well dispersed on fly ash surface or
present in non-crystalline phases [32,35-37]. It aso shows the retention of
characteristic Keggin structure of PMA as it did not decompose at 400°C
(calcination temperature) thus, strong bonding between PMA species and fly ash
is confirmed. PMFA-25 (Figure 4.6d) show some reflections of characteristic
peaks of pure PMA at 26 = 24.7°, 28.6°, 32.4°and 58.2° confirming the
aggregation of bulk PMA particles on fly ash surface [38].

4.3.3 Fourier transform infra-red analysis (FT-IR)

The FT-IR spectra of pure FA, MFA-30 and TMFA (Figure 4.7) show a
broad band between 3500-3300cm’?; attributed to surfacia Si-OH groups and
adsorbed water molecules on the surface [39]. The broadness of this band
indicates the presence of strong hydrogen bonding in the samples [40]. After
milling, broadness of this peak increases, which is an evidence of breaking down
of quartz structure and formation of more Si-OH groups [41]. On therma
activation, decrement in intensity and broadness of peak is observed which
confirms the loss of water in TMFA. A peak around 1650 cm™ present in all
samples is attributed to bending mode (do.4) of water molecules [42] which is
decreased in TMFA. The broadening of peaks corresponding to Si-O-Si
asymmetric vibrations (1000-1200 cm™) in MFA-30 shows structura
rearrangement during mechanical activation. While, in TMFA, this peak gets
shifted towards higher wave number because of transformation of Qs units [Si
(OH) (SiOy)3] to Q4 units[Si (SiO4)4] [30]. Asinferred from literature, pure PMA
possesses four bands at 1065, 1000, 867 and 790 cm™, assigned to asymmetric
stretching vibrations of vs (P-O), Vs (M0=0) and vz (M0-O-MO0) respectively
[43-45]. These characteristic bands for Keggin structure are partially obscured in
case of PMFA cataysts (Figure 4.8) as they overlap with the regions of Si-O-Si
asymmetric (1000-1200 cm™) and symmetric stretching (800-1000 cm™)
vibrations [46]. It is reasonable to mention here that the bands assigned at 1000
cm * and 867 cm™ in case of pure PMA get shifted towards lower wave number,
at 970 cm™* and 825 cm ™ respectively in PMFA catalyst, confirming interaction
between PMA and fly ash support [45]. These bands get enhanced with increase
inwt % of PMA loading [33] as evidenced in Figure 4.8.
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Figure4.6: X-ray diffraction pattern of (a) PMFA-5, (b) PMFA-10, (c)

PMFA-15 and (d) PM FA-25.
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Figure4.7: FT-IR spectra of (a) pure fly ash, (b) MFA-30 and (c)
TMFA.
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Figure4.8. FT-IR spectra of (a) TMFA, (b) PMFA-5, (c) PMFA-10, (d)
PMFA-15 and (e) PM FA-25.
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4.3.4 Pyridine adsorbed FT-IR analysis of catalysts

The FT-IR spectra of PMFA-5, 10, 15 and 25, obtained after pyridine
adsorption in the range of 1600-1400 cm™ are shown in Figure 4.9. The bands
appearing around 1538 cm™ and 1443 cm™ in all cataysts indicate the presence of
Brensted and Lewis acidic sites respectively [34,47]. On increasing the wt % of
PMA loading from 5 to 15 %, the intensity of band responsible for Lewis acidity
also increases. Mo® and Mo®- OH acidic sites of PMFA cataysts adsorb
pyridine and show the existence of Lewis and Bragnsted acidic sites in samples
respectively [48]. In PMFA-25, intensity of band at 1443 cm™ decreases. Pure
PMA contains only Bransted acidic sites [49], the appearance of Lewis acid sites
on PMFA catalysts may be attributed due to loss of water/lattice oxygen during
calcinations at higher temperature [50].

4.3.5 Scanning electron microscopy (SEM and SEM-EDX analysis)

The SEM photograph of pure fly ash (Figure 4.10a) is observed with hollow
cenospheres and irregularly shaped amorphous particles, unburnt carbon,
agglomerated particles minerals and mineral aggregates. As aresult of mechanical
activation, smooth, big, spherical cenospheres break down into irregular small
particles (Figure 4.10b) resulting in increased surface roughness. [41]. Typical
SEM image of PMFA-15 (Figure 4.10c) reved that with the addition of PMA,
small particles get agglomerated to form spherical or irregular large particles.
Loading of PMA is further confirmed by the appearance of fine, shiny particles on
fly ash cenospheres.

EDX analysis of FA (Table 4.2) shows the presence of Si, Al, K, Na, Fe Ti
and other minor metals. However, the presence of molybdenum and phosphorus
in PMFA-15 confirms its loading on surface of fly ash.
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Figure4.9: Pyridine adsorbed FT-IR spectra of (a) PMFA-5, (b) PMFA-
10, (c) PMFA-15 and (d) PM FA-25.
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Figure4.10: SEM micrographs of (a) pure fly ash, (b) MFA-30 and (c)
PMFA-15.
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Table4.2: EDX analysisof fly ash and PM FA-15.

@] Si Al Ca Na Ti Fe Mg Mo P
K (wt LOI
Sample  (wt (wt (wt  (wt  (wt (wt (wt (wt (wt  (wt
%)
%) %) %) %) %) %) %) %) %) %)
Flyash 5545 2588 16.11 068 019 045 079 08 0.28 - - 2.2
PMFA- 4615 2723 1702 - 014 025 - - 018 765 138 13

15

LOI- Loss on ignition

4.3.6 Transmission electron microscopy (TEM analysis)

The topography and surface dispersion of active PMA species is well
understood by using TEM analysis. TEM image of fly ash (Figure 4.11a) reveals
the appearance of smooth spherical particless. On mechanical activation,
morphology of fly ash particles becomes irregular and surface roughness is also
increased as seen in TEM image of MFA-30 (Figure 4.11b). The micrograph of
PMFA-15 (Figure 4.11c) shows fine dispersion of PMA particles on fly ash
surface. The results are in agreement with SEM images. Particle size of loaded

species could not be measured because of their greater dispersion in the support.
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Figure4.11: TEM micrographs of (a) pure fly ash, (b) MFA-30 and (c)
PMFA-15.
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4.3.7 Thermo-gravimmetric analysis (TGA)

The TGA anayses of both fly ash and PMFA-15 catalyst (Figure 4.12)
comprises of two weight loss regions. In first region, sharp weight loss appears
due to evolution of physically bonded water molecules at temperature up to 100
and 300°C respectively in FA and PMFA-15. As the temperature increases, above
400°C, chemisorbed water, usually called “constitutional water” is evolved. [28].
This water is formed by extraction of an oxygen atom from the Keggin anion by
two protons [51]. As exemplified by these results, it can be concluded that both
samples are thermally stable and do not decompose into their constituents even at
higher temperatures. In PMFA-15, inherent Keggin structure embedded on fly ash
surface remains preserved [45].
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Figure4.12: TGA curvesof (a) purefly ash and (b) PMFA-15.
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4.3.8 Ultra violet-Visible Diffuse Reflectance spectroscopy (UV-Vis

DRS analysis)

By using UV-Vis DRS it is possible to probe the state of PMA species
incorporated into silico-aluminate frameworks of fly ash. The absorption spectra
appear in 200-500 nm region and the bands may be ascribed to oxygen to metal
charge transfer. The tetrahedral Mo exhibits band centered at 220 nm which is
shown in spectra of al cataysts (Figure 4.13) and become more intense on
increasing weight % of PMA loading [52]. Whereas, another band appearing in
region 450-560 nm in PMFA-10, 15 and 25, may be due to presence of Mo in
octahedral environment also enhance on increasing PMA loading [53].

——PMFA-10
——PMFA-15
1.2 4 —PMFA-25

Absorbance

0.0

T T T T T T T T T T v
200 300 400 500 600 700 800
W avelength (nm)
Figure4.13: UV-VisDRS spectra of PMFA-5, 10, 15 and 25.
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4.3.9 Solid state Phosphorus-31 NMR analysis

It is one of the main analytical techniques to study the state of phosphorous
atom in heteropolyacids. The chemical shift seen in catalysts with respect to pure
heteropolyacids depends upon surroundings of phosphorous or the factors like
hydration number, nature of support, addenda metal ions etc. [54-58]. *'P NMR
spectrum of pure PMA (Figure 4.14a) shows a major peak at -0.088 ppm aong
with a small peak at 0.528 ppm reveals uniform phosphorous environment in
highly hydrated structure of PMA. On calcining pure PMA at 400°C for 3 h, many
small peaks or multiplet are obtained with a major peak at -2.300 ppm (Figure
4.14b) appears due to presence of microcrystaline PMA. A peak at -12.812 ppm
could be assigned to phosphorous in Keggin unit of PMA [34]. Another sharp
peak at 19.705 ppm can be ascribed to P,Os (phosphorous oxide) resulting from
decomposition of polyoxometallates [20]. On increasing calcinations temperature
of PMA above 200°C, broadening of *'P NMR signals is seen corresponding to
formation of an anhydrous phase with preserved Keggin unit due to loss of
hydrated water molecules [48]. Upfield and downfield shifts are seen in case of
31p spectrum of PMFA-15 catalyst (Figure 4.14c), due to interaction of PMA with
silica-alumina network of fly ash. The preservance of sharp signa at 0.283 ppm
compared with that of pure PMA indicates that PMA Keggin units remain intact
on the fly ash surface. When PMA Keggin units get interacted with support
material, symmetry of central tetrahedral phosphorous atom is atered. Peaks
around -30 and +30 ppm are due to formation of auminophosphates mainly
amorphous in nature [59,60]. P NMR spectrum of PMFA-15 is more
comparable to pure PMA rather calcined PMA suggesting the conservation of
characteristic Keggin units of PMA during catalyst synthesis as interpreted by
XRD and FT-IR results. All the samples showing more than one phosphorous

resonance discloses the complicated structure of PMA.
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Figure4.14: Solid state *'Phosphorous NMR spectra of (a) PMA, (b)
calcined PMA and (c) PMFA-15.
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4.4 Catalytic behaviour

The catalytic performance is tested by Friedel-Crafts acylation reaction of
isopropanol by acetyl chloride to give isopropyl acetate under microwave assisted,
single step, solvent-free reaction conditions. Reaction is carried out at 100°C for 8
minutes, power output of 50 W, taking isopropanol/acetyl chloride molar ratio
1:1.5 and isopropanol to catalyst weight ratio of 10:1. Results given in Table 4.3
show that fly ash, MFA-30 and TMFA do not possess any catalytic activity for
this reaction. In case of PMFA-5 and 10, lower conversion% are obtained due to
presence of less Lewis acid sites on catalytic surface while in PMFA-15, the
conversion% is highest due to presence of sufficient active sites. The conversion%
is again decreased on using PMFA-25 due to blockage of surface active Lewis
acidic sites by bulk deposition of PMA crystalites as described earlier in pyridine
FT-IR studies of PMFA-25.

Table4.3: Catalytic activity of different catalysts for Friedel-Crafts
acylation reaction.

Catalysts Conversion (%)
Fly ash Nil
MFA-30 Nil
TMFA Nil
PMFA-5 68
PMFA-10 80
PMFA-15 88
PMFA-25 82

Reaction conditions; Time = 8 minutes, temperature = 100°C; power output = 50 W, molar ratio
(isopropanol/acetyl chloride = 1:1.5); substrate/catalyst ratio = 10:1.

As suggested by these results, PMFA-15 is chosen as the main catalyst for
catalyzing a series of Friedel-Crafts acylation reactions of various aliphatic
alcohols by acetyl chloride. Further optimization of reaction parameters such as
effect of reaction time and temperature, molar ratio of reactants, power output are

also studied in order to attain maximum conversion%o.
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4.4.1 Influence of reaction temperature

To study the influence of reaction temperature on conversion%, acylation of
aiphatic alcohols is conducted at different temperatures ranging from 70 to 140°C
for 6-10 minutes. The results illustrated that the conversion% of alcohols
gradualy increases with increase in temperature as shown in Figure 4.15. The
maximum conversion% is obtained at 90°C for isopropyl and t-butyl alcohols
while, for iso butyl and iso amyl acohols maximum conversion% is attained at
110 and 120°C respectively which get decreased on increasing temperature.
Boiling points of most of reactants is less so a higher temperature reactants
remain in gaseous phase and thus contact period between them decreases giving

adverse effect on conversion%o.
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Figure4.15: Variation of conversion (%) of alcohols over PMFA-15 with

temperature.

Reaction conditions: Time = 6-10 minutes; molar ratio (alcohol/acetyl chloride = 1:1.5); power
output = 60 W; substrate/catalyst ratio = 10:1.

4.4.2 Influence of reaction time

The variation of reaction time on conversion% is carried out in the range of
4 to 12 min at 90, 110 and 120°C for iso propyl, t-butyl, iso butyl and iso amyl
alcohols respectively as shown in Figure 4.16. It is found that in first 10 minutes,

the conversion% increases linearly giving highest conversion% at 6, 8 and 10
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minutes which remained amost constant further. In this reaction, chances of
formation of di or tri- acylated products is very less, so even if contact time

between two reactants is increased, no significant effect is seen on conversion%.
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Figure4.16: Variation of conversion (%) of alcohols over PMFA-15 with

time.

Reaction conditions: Temperature = 90, 110 and 120°C for iso propyl, t-butyl, iso butyl and iso
amyl alcohols respectively; molar ratio (alcohol/acetyl chloride = 1:1.5); power output = 60 W,
substrate/catalyst ratio = 10:1.

4.4.3 Influence of molar ratio of reactants

The effect of molar ratios of alcohols and acetyl chloride on conversion% is
monitored at different molar ratios varying from 1:1 to 2:1 as shown in Figure
4.17. Very less conversion% is observed at 1:1 molar ratio due to insufficient
amount of both reactants to react with each other. In case of excess amount of any
reactant, conversion% again decreases. If excess of acetyl chloride is taken, then
chances of C-acylation increases which decreases selectivity of reaction towards
ester formation. The conversion% of acohols is found maximum at 1:1.5 molar

ratio.
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Figure4.17: Variation of conversion (%) of alcohols over PMFA-15 with
molar ratio of reactants.

Reaction conditions: Temperature = 90-120°C; time = 6-10 min for iso propyl, t-butyl, iso butyl

and iso amyl alcohols respectively; power output = 60 W, substrate/catalyst ratio = 10:1.

4.4.4 Influence of power output

The effect of power output of Microwave instrument on conversion% is
studied at different power outputs ranging from 40 to 80 W as shown in Figure
4.18. The conversion% of alcohols is found maximum at 60 W suggesting that
this much power of microwave irradiations are adequate for occurrence of
acylation of alcohols with highest conversion%. On increasing power output from

60 to 80 W no sustainable change is seen in terms of conversion%.
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Figure4.18: Variation of conversion (%) of alcohols over PMFA-15 with

power output.
Reaction conditions: Temperature = 90-120°C; time = 6-10 min for iso propyl, t-butyl, iso butyl
and iso amyl alcohols respectively, molar ratio (alcohols:acetyl chloride = 1:1.5;
substrate/catalyst ratio = 10:1.

The maximum conversion% of products in a series of Friedel-Crafts
acylation reactions (Table 4.4) is found when reaction is carried out at 90°C for
10 minutes, taking alcohols and acetyl chlotide in 1:1.5 molar ratio, power output
of 60 W and substrate to catalyst ratio of 10:1 over PMFA-15. On increasing
carbon chain, conversion% increases but in case of iso amyl acohol, conversion%
decreases. Same effect is also seen on taking branched aliphatic acohol, t-butyl
alcohol, because such alcohols obstruct entrance of acetyl chloride towards
catalytic active sites, thus reducing the formation of acylium ions resulting in

decrease of rate of reaction as well as converion% of reaction.
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Table4.4. Synthesis of various esters by PMFA-15 catalyzed Friedel-
Crafts reaction between different aliphatic alcohols and acetyl
chloride under microwave irradiated reaction conditions.

Entry Alcohadls Acetyl chloride Products Converson (%)
OH /O e
1 /\ CHxC /‘\ e
~a A
@
@)

%
2 OH CH3-C )\
>A ~a 0
0
OH _0
3 SN/ oue %
N
O
4 -0
% CH CHyC )K a1
~d
0

Reaction conditions: Temperature = 90°C; time = 10 min.; power output = 60 W, molar ratio
(aliphatic alcohol/acetyl chloride = 1:1.5); substrate/catalyst ratio = 10:1.

4.5 Mechanistic aspects
The proposed structure for active sites of PMA-15 is given Scheme 4.3.

Oxygen atoms attached with molybdenum attract electron density from the
molybdenum making it electron deficient and generate Lewis acidity on the fly
ash surface. The possible pathway for acylation of aiphatic alcohols by acetyl
chloride catalyzed by PMFA-15 is shown in Scheme 4.4. The Lewis acidic sites
of PMFA-15 help in formation of acylium ion from acetyl chloride. This
intermediate in turn reacts with aiphatic alcohols to form desired acylated
products (esters).
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Scheme4.4: Proposed mechanism of acylation of aliphatic alcohols by
acetyl chloride over PMFA-15.
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4.6 Regeneration and reusability of catalyst

The catalyst is filtered, washed with acetone, dried in oven at 110°C/12 h
and then calcined at 400°C/2h for its use in next reaction cycles. The regenerated
catalyst show efficient catalytic activity up to consecutive 5 reaction cycles giving
similar conversion% of alcohols as shown in Table 4.5, which indicates that the
acidic sites are not deactivated during regeneration. The conversion% is decreased
after fifth reaction cycle, due to the deposition of carbonaceous materials on the
surface of catalyst which could block the surface active sites of catalyst inferred
by two peaks around 2850 cm™ in FT-IR spectrum of PMFA-15 regenerated after
fifth reaction cycle (Figure 4.19b) attributing to CH, symmetrical stretching
vibrations of aiphatic hydrocarbons [61]. Loss in activity can also be further
confirmed by decrease in intensity of band in the region of 3600-3300 cm'l in
regenerated PMFA catalyst, responsible for catalytically active —OH groups. The
stability, heterogeneous nature of PMFA-15 catalyst and possibility of leaching of
highly soluble PMA species in reaction medium is further analyzed by Sheldon’s
hot filteration test [62] which involves filtration of catalyst from reaction mixture
in between the reaction and further continuance of reaction in absence of catalyst.
The results show that the reaction stops on filtering off the catalyst in mid of the
reaction, hence it is confirmed that active PMA species responsible for cataytic
activity do not get leached off during course of reaction.

Table 4.5: Friedel-Crafts acylation of alcohols by acetyl chloride over fresh
and regenerated PMFA-15.

Reaction cycles Conversion (%)
| 94
I 92
[l 92
Vv 90
\% 87

Reaction conditions: Temperature = 90°C; time = 10 min.; power output = 60 W,
molar ratio (aliphatic alcohol/acetyl chloride = 1:1.5); substrate/catalyst ratio = 10: 1.
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Figure4.19: FT-IR spectraof (a) PMFA-15 and (b) regenerated catalyst.
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4.7 Conclusion

The present investigation elaborates the synthesis of a novel, efficient,
economic, regenerable fly ash supported solid acid catalyst by loading of
phosphomolybdic acid on mechanically and thermally activated fly ash. Surface
roughness and stable silanol groups of fly ash increased by mechanical and
thermal activations facilitates efficient loading of PMA. The prepared PMFA-15
catalyst having sufficient Lewis acidity successfully catalyze a series of
microwave assisted Friedel-Crafts acylation reactions, giving excellent
conversion%. Moreover, the catalyst is found to be extremely stable under
microwave irradiations, suggesting a new greener area of time-saving catalysis for
fly ash supported catalysts. The catalyst could be reused after thermal treatment
up to five reaction cycles without significant loss in its activity. Furthermore,
Sheldon’s hot filtration test ascertains that the active PMA species of the catalyst
do not get leached off while reaction and heterogenity of the catalyst remains
intact. This comprehensive catalytic performance indicates that coal generated fly
ash, an abundant industrial solid waste, can be succesfully utilized as an active
silica support material for synthesis of a novel solid acid catalyst, PMFA-15
which has a promising future as an aternative for other commercial solid acid
catalysts in area of microwave assisted Friedel-Crafts acylation reactions useful in
pharmaceutical, fine chemical, cosmetic industrial applications etc.
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Abstract

This study investigates the structural, morphological, surfacial modifications of
silica-alumina enriched, natural waste- perlite through thermal and chemical
activations. Solid acid catalysts are synthesized by treatment of perlite with
various mineral acids (H,SO4, HNO3; and HCI). The catalytic performances of
catalysts are evaluated for the series of microwave assisted Fischer esterification
reactions of propionic acid and various aliphatic alcohols, producing esters
widely used in pharmaceuticals, confectionaries, flavouring industries etc.
Changes occur in surface area of perlite after activation is studied by N,
adsor ption-desorption. Structural modifications are determined by XRD and FT-
IR techniques. Irregular morphology of perlite is revealed by SEM analysis.
Presence of surface active acidic sites and their types are studied by pyridine
adsorbed FT-IR. Various reaction parameters like time, temperature, molar ratio,
power output are optimized for attaining highest conversion%. The catalyst could
be recycled up to four reaction cycles without any significant loss in activity
conferring its stability during course of reaction comparable with other
commercial catalysts. The study focuses on conversion of silica-alumina rich
perlite into potential heterogeneous acid catalysts for catalyzing industrially
beneficial organic transformations, which is a promising and cost-effective route

to utilize this abundant waste material.
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5.1 Introduction

Fischer esterification also known as intermolecular dehydration reaction is
an elementary yet important reaction, having wide applications in small and large
scale industries, namely, fragrances, flavours, cosmetics, solvents, chiral
auxiliaries, adhesives, lubricants, plasticizers, polymerization monomers etc. [1-
5]. Esters also act as precursors of different pharmaceuticals, fine chemicals and
agro-chemicals [6,7]. Thisreaction is significant in synthetic organic chemistry as
it protects carboxyl acid group in various organic transformations [8].
Uncatalyzed esterification reaction is also possible [9]. However, in absence of
catalyst, reaction is relatively slow, therefore presence of catalyst is essentially
required. Catalyst helps in chemisorption of reactants on its surface, involves in
carbocation formation and initiates esterification reactions. Commonly, liquid acid
catalysts like H,SO,4, HCI, HI, HNO3, H3PO,, p-toluene sulfonic acid etc. [10-12]
are extensively used in ester synthesis. Application of such catalysts encounter
several inherent problems like instrumental corrosion, environmental hazards,
difficult catalyst recovery and reuse, more by-product and waste formation etc.
Moreover, homogeneous catalysts may aso result in sulphur contamination of
final product [3]. Thus, there is an urgent need to replace such unsafe catalysts by
eco-friendly, less corrosive, green, efficient, long time persisting, sustainable
heterogeneous acid catalysts which can be easily recovered from reaction mixture
and recycled several times. Heterogeneous acid catalysts like ion-exchange resins,
sulphated zirconia, zeolites, acidified silica, heteropoly acids, polymers with
sulfonic acid group, H-ZSM-5, mesoporous AlI-MCM-41 [13-19] constitute more
eco-friendly substitutes in esterification reactions. Even though above-mentioned
disadvantages can be resolved, these catalysts have their own short-comings, such
as easy deactivation, high mass transfer resistance, adsorption of products, low
densities of effective acid sites in zeolites [1], high cost of resins etc. Thus, the
development of solid acid catalysts with higher product yield and selectivity, easy
reusability and cost-effective features has become a sizzling topic in recent
research endeavours.

Increasing environmental, economical and green chemistry concerns have

pushed research interests to develop new, clean, eco-friendly technologies with
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minimum waste generation. In this regard, microwave technology has gained
much attention in organic synthesis. The use of microwave heating has noticeably
reduced reaction times periods, leads to better conversion and yields of desired
products with excellent purity as compared to conventional technique [20].
Microwave heating induces thermal or in situ heating resulting in uniform heating
throughout the sample, thus enhances rate of reaction via superheating
phenomenon. Polar molecules adsorbed on catalyst surface could facilitate
superheating, leading to fast proton transfer to reactants and accordingly rate of
esterification reaction increases under microwave irradiations.

The treatments which modify surface of support materia are generaly
known as ‘activation treatments’. Appropriate acid and thermal treatments
enhances catalytic and adsorbing properties of supports. Perlite, being an
ensemble of metal oxides in inert state exhibit very less or negligible catalytic
activity. To prevail over such shortcomings, pre-treatment like thermal activation
at higher temperature is necessary. It gives rise to a large number of interaction
prospects among species present on surface of perlite at the time of further
treatment. Perlite is thermally stable, rich in silica and alumina hence, it can
incorporate large number of acidic sites and its surface can be activated. Acid
activation is likely to improve surface area and porosity, silicalaumina ratio of
perlite by leaching various minor metal oxides. Consequently, number of Si-OH
groups and thus acidic sites increases on perlite surface up to a certain level.
Development of acidic functional groups onto solid surfaces like silica, alumina,
carbon based materials [21-23] has been investigated to produce promising
heterogeneous catalysts. Acid treated clays have catalyzed many conventional and
microwave assisted esterification reactions [8,24]. Nevertheless, no work has been
reported to the best of our knowledge regarding use of solid acid catalysts for
microwave irradiated esterification reactions using perlite, a natural waste as a
catalyst support.

This chapter incorporates thermal followed by chemical activation of
perlite, using minera various acids and its conversion into heterogeneous catal yst
having suitable acidic sites for undertaking a series of microwave assisted Fischer

esterification reaction. Since esterification is a suitable test reaction for evaluation
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of solid acid catalysts [25] and their products are of immense industria
significance in various areas such as pharmaceuticals, fine chemicals, flavouring
industries, cosmetics etc., that’s why we choose this reaction for determination of
catalytic activity of our prepared catalysts. The work also shed the light on impact
of different activation techniques on structure, morphology, chemical bonding of
perlite. The reaction parameters are further optimized for maximum conversion%.
The catalyst is found to be recyclable up to four consecutive runs with analogous
efficiency. Use of less expensive support, recyclable catalyst, |ess time consuming
microwave technique, solvent-less reaction conditions, green methodology, ease
of product purification are the key features of this protocol and thus it may be
considered as an efficient aternative to the existing, high-priced, less-effective

procedures.

5.2 Experimental

5.2.1 Materials

Perlite is supplied by Indica Chem. Ind. Pvt. Ltd., India. Sulfuric acid, nitric
acid and hydrochloric acids are purchased from Sigma Aldrich. Propionic acid,
aliphatic alcohols are purchased from Merck.

5.2.2 Catalyst preparation

As received perlite is initially activated thermally at 800°C for 3 h and
converted into thermally activated perlite (TAP). The chemical activation of TAP
is performed in magnetic stirred reactor under constant stirring with concentrated
sulphuric acid, nitric acid and hydrochloric acid in theratio of 1:2 (TAP: Acid) for
4 days at 100°C. The slurries are washed with distilled water up to pH 7, to
remove excess of acid and other soluble leached compounds. Some qualitative
chemical tests are done on samples to detect presence of soluble ionic species
(sulphate, nitrate, chloride ions). Then, the so-obtained pulps are dried at 110°C
for 24 h. Sulfuic acid, nitric acid and hydrochloric acid activated perlite samples
(SAPC, NAPC and HAPC) are then calcined at 550°C for 4 h in muffle furnace
under static conditions. The steps of synthesis of acid activated perlite catalysts

are summarized in Scheme5.1.
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As recetved perlite

A 4

Thermal activation of perlite at 800°C for 3 h
(TAP)

A 4

Acid activation : TAP + Cone. acids (H,SO,,
HNO;, HCI) Weight ratio 1:2

A 4

Refluxing at 100°C under constant stirring
for 4 days

&

Filtration and washing with distilled water up
to neutral pH

8

Qualitative chemical tests of washings

&

Drying of so-obtained pulp at 110°C for 12 h

ol

Calcination 1n static air at 550°C tor 4 h

A 4

Acid activated perlite catalyst (SAPC, NAPC
and HAPC)

Scheme5.1: Synthesisof acid activated perlite catalysts.
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5.2.3 Instrument

The reactions are performed on single mode microwave cavity, PC
operated, synergy.exe software based, microwave instrument (CEM-Discover)
comprising of closed and open vessel systems, having an IntelliVent™ Pressure
Control System with a working frequency of 2.45 GHz, power output from O to
300 W, temperatures ranging from 25-300°C, pressure range from 0-300 Psi. The
system comprises of vacuum fluorescent display with alphanumeric keypad and
on-board computer for programming and operationa control of the system. An
Infrared detector and sensor controls and measures the temperature during the
reactions respectively while, a Teflon spill cup protects the detector from
exposure. An air compressor connected with the equipment is utilized for cooling
of reactions. For sake of safety, an attenuator and three safety interlocks are
provided in the system. The reactions are preferred in Powerms mode, using

simultaneous heating and cooling method.

5.2.4 Catalyst characterization

Physicochemica properties of all catalytic materiads are studied by N
adsorption-desorption, XRD, FT-IR and pyridine adsorbed FT-IR and SEM,
SEM-EDX techniques, as described in Annexure-I.

5.2.5 Catalytic activity

Fischer esterification reactions between aliphatic alcohols and propionic
acid (Scheme 5.2) catalyzed by SAPC, NAPC and HAPC to give corresponding
esters are performed in a microwave reactor. In this procedure, a mixture of
aliphatic alcohol and propionic acid (different molar ratios) is taken in a 10 ml
Pyrex microwave via covered by intellivent septa cap. The varying amounts of
catalyst activated at 400°C for 1 h, is then added in the reaction mixture. The
reaction is carried out in closed vessel system at 50 Psi pressure, by placing the
via in microwave cavity under constant stirring at different time periods, molar
ratios, temperatures and power outputs. After input of temperature, hold time,
power and pressure parameters, the reaction is started by clicking on ‘Play’ button

under Powerma- On conditions. After completion of holding time, the instrument
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is turned off and the reaction is cooled through air compressor. Then, the catalyst
Is separated, product isfiltered and analyzed by Gas Chromatograph.

The conversion% of alcohoal is calculated by using following method:

(Initial wt % - Final wt %)
Initial wt %

Conversion (%) = 100 X

Acid activated perlite /

ROH + > R—0—°cC

H,0
OH v

Alcohd  Propionicadd Eders

Scheme5.2: Simplified reaction pathway of Fischer esterification of
aliphatic alcohols and propionic acid over acid activated perlite
to give corresponding esters.

5.3 Resultsand discussion

Thermal activation of perlite results in its colour change from light grey to
light pink, due to removal of excess water and carbon. Loss on ignition (LOI) is
determined experimentally by heating a certain weighed quantity of perlite in
muffle furnace at 800°C for 3 h. The LOI amount is 4.1 wt % which corresponds
to the removal of moisture and coexisting unburned carbon from sample [26].

5.3.1 BET analysis

BET specific surface area of samples as given in Table 5.1 indicates that on
thermal activation, specific surface area of perlite decreases from 2.6 to 2.2 m*/g
which increases on further activations by different acids, due to increase in
amorphous silica content as a result of acid treatment [27]. Silica transformation
becomes quite easier on using concentrated acids. On acid attack, even crystalline
phases of impurities like Fe, Zn, Ti etc. also change into their amorphous forms

respectively and get |leached off easily [28].
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Table5.1: BET specific surface area data of samples.

Samples BET specific surface area
(m?g)
Perlite 2.6
TAP 2.2
SAPC 10.6
NAPC 9.2
HAPC 7.4

5.3.2 X-ray diffraction analysis

The broad X-ray diffraction pattern of perlite (Figure 5.1a) confirmed the
absence of crystalline structure [29] which is typica for amorphous solids.
However, thermal treatment of perlite at higher temperature could convert less
ordered structure to more ordered structure and a single, small crystalline peak
appears in TAP at 20 = 27.642° (Figure 5.1b) which shows crystaline quartz
formation in perlite [30] along with a broad hump at 286 = 22-23° confirming
amorphous nature of silica[31]. It iswell documented that at burning temperature
higher than 973 K, production of crystalline structure isinduced in silica[32]. On
further chemical activation of TAP with concentrated acids (Figure 5.1c-€), as
developed crystalline component gets vanished, thus the associated crystalline
peak disappears and amorphous nature of silica increases in catalysts [33]. A
broad hump appearing in al samples confirms the presence of amorphous silica
whose intensity increases with acid activation and is highest in case of SAPC. The
results suggest that strongest chemical activation is done by sulphuric acid which
completely destroy as developed crystalline structure and consequently highest
amorphous silica content is present in SAPC aso evident from SEM-EDX results

later described in the chapter.
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d)

Intensity (counts)
4 f
§

Figure5.1: X-ray diffraction pattern of (a) perlite, (b) TAP, (c) SAPC, (d)
NAPC and (e) HAPC.
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5.3.2 Fourier transform infra-red analysis (FT-IR)

FT-IR spectra of perlite and TAP (Figure 5.2) shows a broad band between
3600-3300 cm™, which is attributed to surface hydroxyl groups of —Si-OH and
water molecul es adsorbed on the surface [34]. The broadness of band indicates the
presence of strong hydrogen bonding in the sample [35]. In perlite, the hydroxyl
groups exist in higher degree of association with each other which results in
extensive hydrogen bonding, while in FT-IR spectrum of TAP, the intensity and
broadness of band is decreased which confirms the loss of water. The strong band
at 1178 cm™ is due to the structural siloxane framework, which is the vibrational
frequency of the Si-O-Si bond. The peak is shifted to higher wave number, i.e.,
1227 cm™ after therma treatment, which is normally observed in amorphous
silica samples [36]. An intense peak at 1632 cm™ in the spectrum of perlite is
attributed to bending mode (do.4) Of water molecule [37], which is again highly
decreased in case of TAP.

Further chemical activation of TAP with different acids results in a
significant increase in broadness and peak intensity of the band for —OH group
which is highest in case of SAPC (Figure 5.2c). After acid treatment, the increase
in silica content results in increase in surface hydroxyl groups, confirmed by
broad and intense bands in the region of 3600-3300 and 1650 cm™ responsible for
stretching and bending vibrations of —OH group [38]. The shoulder at about 3200
cm’ could be assigned to the stretching vibrations of Si-OH groups in the
structure of amorphous SiO; [39]. An intense band in the range of 1300-1100 cm’
! corresponding to valence vibrations of the silicate oxygen skeleton is usually
assigned to the amorphous silica content which isincreased after acid treatment of
sample. The region around 805 cm™ is characteristic of Si-O-Si symmetric
stretching modes [31,40,41]. This increase in silica content, increased surface
hydroxyl groups are responsible for generation of acidic sites on catalysts and

enhance their catalytic activities.

5.3.3 Pyridine adsorbed FT-IR analysis of catalysts

For apparent vision about generation of surface acidic sites after chemical

activation of TAP by different mineral acids and types of acidic sites, FT-IR
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spectra, obtained after pyridine adsorption in the magnified range of 1600-1400
cm* are studied (Figure 5.3). The peaks observed in range of 1545-1530 cm™ and
1480-1465 cm™ in al demonstrated samples confirm the presence of sufficient
Brensted acidic sites on catalyst surface due to formation of co-ordinated pyridine
and hydrogen bonded pyridine respectively with surface silanol groups [42]. The
presence of Bragnsted acidic sites in the catalysts confirms the effective acid
activation on TAP which is later utilized as cataytic active sites for Fischer
esterification reactions. The results indicate that maximum effective Brensted
acidic sites are available in SAPC as compared to other two catalysts. Increased
amorphous silica content increases number of surface hydroxyl groups and thus
Bransted acidic sites raises in catalyst. Few Lewis acidic sites in case of HAPC
are appeared around 1435 cm™ because of rupture of Si-O-Al bond and arising of
exposed Al*® cations on edges of catalyst [43] or formation of Si* ions as a result
of dehydroxylation [44].

5.3.4 Scanning electron microscopy (SEM and SEM-EDX analysis)

SEM micrograph of perlite (Figure 5.4a) reveaed the irregular morphol ogy
of perlite particles. Similar pattern is observed in other reported micrographs of
perlite [45]. SEM image of TAP (Figure 5.4b) is mainly fragmatic and random as
a result of thermal activation [46]. But here, the morphology is less irregular
which confirms the evaporation of water from the perlite sample on heating it at
high temperature. After chemical activation, (Figur e 5.4c-e) agglomeration occurs
and particles tend to acquire spherical shape confering increase in amorphous
silica content after acid leaching [31]. From the images it is cleared that fine
agglomeration occurs in SAPC and the suitable acidic sites on SAPC provide
enough space to reactant molecules for undergoing chemical reaction while due to

formation of large clusters, catalytic activity islessin rest two catalysts.
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Figure5.2: FT-IR spectra of (a) perlite, (b) TAP, (c) SAPC, (d) NAPC and
(e) HAPC.
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Figure5.3: Pyridine adsorbed FT-IR spectra of (a) SAPC, (b) NAPC and
(c) HAPC.
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Figure5.4: SEM micrographs of (a) perlite, (b) TAP, (c) SAPC, (d) NAPC
and (e) HAPC.
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EDX analysis of perlite, TAP and acid activated perlite samples (Table 5.2)
showed that on acid activation, amount of silica increases while other minor metal
oxides get removed from perlite. The increase in silica % is highest in case of
SAPC while its minimum in HAPC.

Table5.2: EDX analysisof perlite, TAP, SAPC, NAPC and HAPC.

(0] Si Al K Na Zn Fe Ti
Samples LOI
(Wt%)  (wt%) (Wt%)  (wt%) (Wt%) (Wt%) (Wt%) (Wt%)
Perlite 73.70 18.83 3.72 1.44 191 0.22 0.10 0.07 4.1
TAP 73.60 18.80 3.70 1.34 191 0.22 0.10 0.07 2.3
SAPC 74.82 21.62 274 0.23 0.47 - - - 15
NAPC 74.06 20.22 324 0.93 1.27 - - - 18
HAPC 73.98 19.76 3.56 1.02 157 - - - 18

LOI- Loss on ignition

5.4 Catalyst selection

The catalytic performance is tested by Fischer esterification reaction of
methanol by propionic acid to give methyl propionate under microwave assisted,
single step, solvent-free reaction conditions. Reaction is carried out at 70°C for 10
minutes, power output of 6s0 W, taking methanol/propionic acid molar ratio 1:1.5
and methanol to catalyst weight ratio of 5:1. Results given in Table 5.3 show that
perlite and TAP do not possess any cataytic activity for this reaction. NAPC and
HAPC show less catalytic activity as compared to SAPC due to absence of
sufficient number of acidic sites on their surface. It should be noted that
modification of the perlite samples with sulphuric acid increased their textural

parameters more effectively then modification with nitric and hydrochloric acids.
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Table5.3: Catalytic activity of different catalystsfor Fischer esterification

reaction.
Catalysts Conversion%
Perlite Nil
TAP Nil
SAPC 88
NAPC 68
HAPC 80

Reaction conditions; Time = 10 minutes; temperature = 70°C; power output = 60 W, molar ratio
(methanol/propionic acid = 1:1.5); substrate/catalyst ratio = 5: 1.

As suggested by these results, SAPC is chosen as the main catalyst for
catalyzing a series of Fischer esterification reactions of various aiphatic alcohols
by propionic acid. Further optimization of reaction parameters such as effect of
reaction time and temperature, molar ratio of reactants, power output are also

studied over this catalyst in order to attain maximum conversion%.

5.5 Catalytic activity

5.5.1 Effect of reaction temperature

To optimize the reaction temperature for giving maximum conversion%o,
reactions are studied at different temperatures ranging from 60 to 100°C for 8
minutes. The results illustrated that the conversion% of acohols gradually
increases with increase in temperature from 60 to 80°C as shown in Figure 5.5,
which confers endothermic nature of the reaction. The maximum conversion% is
obtained at 80°C within 8 minutes which get decreased on increasing temperature
up to 100°C. Given that boiling temperature of most of the reactants is very low,
so above that temperature they become volatile, thus the contact time between the

reactants reduces resulting in decrease in conversion%.
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Figure5.5: Variation of conversion (%) of alcohols over SAPC with
temperature.

Reaction conditions: Time = 8 minutes, molar ratio (alcohol/propionic acid = 1:1.5); power
output = 50 W; substrate/catalyst ratio = 5:1.

5.5.2 Effect of reaction time

The effect of reaction time on conversion% is investigated by carrying out
reactions at 80°C to achieve maximum conversion% of product in the range of 4
to 12 min as shown in Figure 5.6. It is found that in first 8 minutes, the

conversion% increases linearly which remained almost constant till 12 minutes.

100 -
90 - —
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) 70 A
(-]
£ 60 -
; 50 - —&—NMethanol
:é 40 - =i~ Ethanol
~ 30 - Propanol
20 - ——=Butanol
10 -
0 T - - T )
2 4 6 8 10 12 14
Time (min)

Figure5.6: Variation of conversion (%) of alcohols over SAPC with time.

Reaction conditions: Temperature = 80°C; molar ratio (alcohol/propionic acid = 1:1.5); power
output = 50 W; substrate/catalyst ratio = 5:1.
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5.5.3 Effect of molar ratio

The effect of molar ratios of alcohols and propionic acid on conversion% is
studied by employing different molar ratios varying from 1:1 to 2:1 as shown in
Figure 5.7. The conversion% of alcohols is found maximum at 1:1.5 molar ratio.
Conversion% is drastically very less when acohol is either in excess or equimolar
guantity as large amount of alcohol may prevent access of acid to the catalytic
active sites, formation of carbocation decreases and thus ester production reduced.

100 4
90 A
80 o
70

-
S
§ 60 1 H 1:1ratio
£ 501 W 1:1.5ratio
-
3 401 M 1:2ratio
&}

30 4 B 2:1ratio

20 4
10 -
0 4

Methanol Ethanol Propanol Butanol

Figure5.7:  Variation of conversion (%) of alcohols over SAPC with molar
ratio of reactants.

Reaction conditions: Temperature = 80°C; time = 8 min; power output = 50 W,
substrate/catalyst ratio = 5: 1.

5.5.4 Effect of power output

The effect of power output of microwave instrument on conversion% is
monitored at different power outputs ranging from 40 to 60 W as shown in Figure
5.8. The optimized power output is found to be 50 W where the conversion% of

alcohols is maximum. On further increasing power output, no significant change
in conversion% is seen.

5.5.5 Effect of substrate to catalyst weight ratio
The effect of substrate to catalyst weight ratio on conversion% of is

examined by varying the amount of catalyst under optimized reaction conditions.
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As inferred from Figure 5.9, it can be said that at on increasing catal ytic amount

from 10 to 5 weight%, conversion% increases. It can be attributed due to

availability of sufficient number of catalytic active sites for the adsorption of the

reactants. On further increase in the amount of catalyst no significant change is

observed.
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Figureb5.8: Variation of conversion (%) of alcohols over SAPC with power

output.

Reaction conditions: Temperature = 80°C; time = 8 min; molar ratio (alcohols:propionic acid =

1:1.5; substrate/catalyst ratio =

5:1.
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Figure5.9: Variation of conversion (%) of alcohols over SAPC with

substrateto catalyst weight ratio.

Reaction conditions: Temperature = 80°C; time = 8 min; molar ratio (alcohols:propionic acid =

1:1.5; power output = 50 W.
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The maximum conversion% of products in a series of Fischer esterification
reactions (Table 5.4) is found when reaction is carried out at 80°C for 8 minutes,
taking alcohols and propionic acid in 1:1.5 molar ratio, power output of 50 W and
substrate to catalyst ratio of 5:1 over SAPC. The percentage of conversion%
decreases from 96 to 88% as chain of carbon atoms in alcohol becomes longer
because long chain alcohols hinder access of acid to catalytic active sites due to
sterric hindrance, thus, the formation of carbocation decreases and consequently

rate of reaction aswell as conversion% of reaction reduces.

Table5.4: Synthesis of various esters by SAPC catalyzed Fischer
esterification reaction between different aliphatic alcohols and
propionic acid under microwave irradiated reaction

conditions.
Entry Alcohals Products Converson (%)
1 CH;— OH CHz— CHzC O—CHj %
o
2 CH3* CHZ— OH CH3* CHZ* C-0- CHZ* C|'|3 93
O
3 CH3* CHZ* CHZ*(]‘| CH37 CHz* C-0— CH27 CHz* CH3 0
O
4 CHz—CHy— CHy;—CHy;—OH CHz—CHy— O—CH;CH;~CH; CHg3 83

:

Reaction conditions: Temperature = 80°C; time = 8 min.; power output = 50 W, molar ratio
(aliphatic alcohol/propionic acid =1:1.5); substrate/catalyst ratio = 5: 1.

5.6 Mechanistic aspects

Heterogeneous acid catalyzed esterification reaction follows single site or
Eley-Ridea meachanism as shown in Scheme 5.3. The reaction is initiated by
protonation of propionic acid by Bransted acidic sites of SAPC. The proton
attaches with oxygen atom of carbonyl group and induces positive charge on the

oxygen. Due to electronegativity difference, this positive charge gets transferred
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to carbon atom of carbonyl group, thus making it more electrophillic which is
attacked by hydroxyl group of acohol molecule in next step to form a key
intermediate of this reaction. Disproportionation of this intermediate results into
final product- ester and releases water as side product. In the fina step, the
catalyst isrecovered by transfer of proton to the catalyst surface.

5.7 Regeneration and reusability of catalyst

The catalyst is filtered from the reaction mixture, washed with acetone and
regenerated at 450°C for use in subsequent reaction cycles. The regenerated
catalyst show efficient catalytic activity up to 4 reaction cycles giving
conversion% of aliphatic alcohol in the range of 94-88%, as shown in Table 5.5,
which indicates that the acidic sites are not lexiviated during regeneration. The
FT-IR spectrum (Figure 5.10b) of SAPC regenerated after 4" reaction run
resembles with FT-IR spectrum of fresh SAPC (Figure 5.10a) indicating the
stability of surface hydroxyl groups generated through chemical activation,
responsible for catalytic activity [47]. The conversion% is decreased after fourth
reaction cycle, which is assigned due to the physical adsorption of carbonaceous
materials on the external surface of catalyst which could block the pores present
on catalyst and causes poisoning of surface active sites [48]. This blocking
phenomenon is further confirmed by decrease in intensity and broadness of band
appearing between 3600-3300 cm™ and peak around 1630 cm™ attributing to —~OH
stretching and bending vibrations respectively in case of regenerated catalyst
which are responsible for catalytic activity.

Table5.5: Fischer esterification of alcohols by propionic acid over fresh
and regenerated SAPC.

Reaction cycle Conversion (%)
I 94
I 91
[l 91
v 88

Reaction conditions. Temperature = 80°C; time = 8 min.; power output = 50 W, molar ratio
(aliphatic alcohol/propionic acid = 1:1.5); substrate/catalyst ratio = 5:1.
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Scheme5.3: Mechanistic aspects of Fischer esterification of aliphatic
alcohols and propionic acid over SAPC.
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Figure5.10: FT-IR spectraof (a) SAPC and (b) regenerated SAPC.
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5.8 Conclusion

The present study provides a novel application of awaste siliceous material,
perlite in preparing an effective heterogeneous acid catalyst through thermal
followed by chemical activation with different minera acids. Perlite enriched in
several useful metal oxides has been reported very less in the field of
heterogeneous catalysis and is yet to be utilized in comparable amount to its bulk
production. The thermal as well as chemical activation of perlite consequences in
increased amorphous silica content and surface hydroxyl groups, which ultimately
results in enhanced surface acidity. Among all prepared catalysts, sulphuric acid
treatment of TAP (SAPC) is found to be a potential heterogeneous acid catalyst
having sufficient catalytic activity in series of microwave assisted Fischer
esterification reaction, evident from higher conversion% of aiphatic alcohols to
the desired products. The reactions are carried out in one-pot, single-step, green,
solvent-free reaction conditions and the catalyst is easily filtered, regenerated and
recycled 4 times with analogous efficiency, suggesting that acidic sites of the
catalyst remain stable during the reaction. The novelty of the present work is the
utilization of the abundant natural waste, perlite as a solid support for the
synthesis of highly efficient heterogeneous acid catalyst. Moreover, this study also
suggests that after proper thermal and chemical activation, perlite can replace
pure, commercia silica as a solid support for synthesizing efficient heterogeneous
catalyst useful in industrialy significant esterification reaction having wide
applications in flavouring industries, perfumeries, chemicals and pharmaceuticals.
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Abstract

A series of nano-crystalline, effective, recyclable and cost-efficient super solid
acid catalysts has been prepared by loading varying amounts of sulfated zirconia
(9, 12 and 15 weight%) on thermally activated perlite by adopting two step sol-gel
procedure. Presence of crystalline phases is confirmed by XRD and FT-IR
studies. TEM images reveal nano size of catalyst. Loading and stabilisation of
sulfated zrconia on perlite is further proved by N, adsorption-desorption, SEM,
SEM-EDX, TGA and UV-Vis DRS techniques. The catalytic activity of as
prepared catalysts is measured through a series of liquid phase benzoylation
reactions of different aromatic substrates using benzoyl chloride as benzoylating
agent under solvent-free, one pot reaction conditions. The desired products are
extremely beneficial in production of pharmaceuticals, agro and fine chemicals,
petroleum products, perfumes etc. The FT-IR study of pyridine adsorbed samples
reflects the presence of both Brensted as well as Lewis acidic sites as catalytic
active centres on the surface of catalyst. Regeneration and reusability of catalyst
up to five reaction cycles without any considerable loss in catalytic activity confer
the stability of catalyst. The possibility of leaching of loaded species of catalyst is
analysed by Sheldon’s hot filtration test. The catalytic activity of catalysts thus
formed is compara ble to the results of earlier reported sulfated zrconia
catalysts. This comprehensive study states that a natural abundant solid waste,
perlite can be utilised as a support for generation of nano-crystalline, super solid
acid catalyst and has a promising future in providing environmentally clean
processes for the industrial sector.
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6.1 Introduction

Sulphated zirconia has been claimed to be a super acid possessing acidity in
range of Hy, < -16.04 and pK, < -14.52 measured by Hammett indicator method
[1]. The acidity of sulphated zirconiais believed to be 10,000 times stronger than
100% H,SO,4 or HCIO,4 [2]. The amorphous zirconia cannot be utilized as a
catalytic material as it has low thermal stability and degrades at > 400°C. On
some modifications like incorporation of sulphates, therma and hydrothermal
stability of zirconia enhances [3]. ZrO, itself possess low acidic properties, but on
sulfation super acidity is generated [4]. The nature of acidity of sulfated zirconia
depends on its prepara tion methods. Super acidity is developed because of
generation of ionic S-O-Zr bond along with co-ordination S-O-Zr bonds [5]. Use
of zirconia in area of ceramics, flexible capacitors, solid oxide fuel cells, metal
oxide semiconductor devices, heat resistant, protective and highly reflective
optical coatings [6-8] iscommon.

Over the last three decades, catalytic use of anion modified metal oxides in
organic transformations has been received greater attention. Among them, higher
thermal stability, super acidity, resistance to therma extrusion, strength,
toughness, high activity, selectivity and stability in acidic and akaline
environment, easy and low cost synthesis of sulfated zirconia offer severa
advantages over other solid acid catalysts. Catalytic applications of sulfated
zirconia include alkylation, light alkane isomerisation, cracking reaction, skeletal
etherification of alcohols, acylation, esterification, benzylation, nitration [9-12]
etc. The acidity as well as catalytic activity of sulfated zirconia mainly depends on
some important factors viz. method adopted for synthesis, surface area, zirconia
precursor, precipitating agent, sulphating agent, pH during synthesis, temperature
of synthesis, ageing time, calcination temperature and also on environment of
storage [13]. Zr(OH), is amorphous at room temperature, calcination at 550°C
results in formation of ZrO, with co-existing tetragonal and monoclinic phases.
On increasing calcination temperature, tetragonal phase diminishes gradually and
above 650°C, only monoclinic phase is observed. Sulfation retards the conversion
of tetragonal phase into thermodynamically stable monoclinic phase which is vital
for organic transformations [14]. Need for supported sulfated zirconia catalyst
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arises because of their lower cost, probability to enhance relatively lower surface
area of sulfated zirconia and it also stabilise sulfated zirconia against sintering at
higher temperature. Normally, silica based supports like MCM-41, SBA-15,
HMS, UDCaT-5, zeolites, Al,O3; [14-17] etc. are utilized for this purpose.
Commonly used methods for prepara tion of sulfated zirconia are two step sol-
gel, one step sol-gel, precipitation, co-precipitation, liquid crystal templating, one
step incipient wetness impregnation, hydrothermal, ball milling technique, one
step crystallization methods [6,18-21]. While, generally used starting materials or
precursors are zirconium acetate, zirconium hydroxide, zirconium oxychloride,
zirconium sulphate, zirconium n-propoxide, zirconium nitrate, zirconium chloride
[6,20,22,23]. Precipitating or sulphating agents usually used in sol-gel method are
H2SO4, (NH4)2S04, (NH4)2S,0s, chlorosulphonic acid, H,S and SO,, (NH4)2SOs,
(NH4)2S [1,4,24]. Relatively lower surface area and small pore size of
conventionally prepared sulfated zirconialimit its potential catalytic applications.

Metal alkoxides undergo hydrolysis and subsequent condensation or
gelation in acoholic solvent forms a macro-polymeric oxide network known as
alcogel. During drying and calcination, a number of chemical and physical
changes occur in gel which finaly results to a highly mesoporous material [25].
Sol-gel procedure is preferred over other procedures like precipitation and co-
precipitation as it produces oxides with uniform textural and surfacial properties
[18]. The whole procedure depends on different prepara tion para meters like
concentration of metal akoxide, pH, type of complexing agent, amount of
hydrolyzing water, water to alkoxide molar ratio. The catalytic activity of sulfated
zirconia catalyst depends on prepara tion procedure, crystalline phase of zirconia,
sulphur species, calcination temperature and textural properties [26].

Benzoylation of aromatic substrates is a key reaction of organic chemistry
asit produces diaryl ketones like Ibrupofen, S-naproxen, musk fragrance useful in
production of various pharmaceuticals, agro chemicals, perfumeries [27] etc. It is
an important C-C bond formation reaction in organic synthesis. Benzoylation is an
aromatic electrophillic substitution reaction in which the carbocation intermediate
is produced by complexation between benzoyl halide and catalyst. Substituted

benzophenones are final products or intermediates of UV adsorbents, plastics,
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printing ink, varnishes, cosmetics, dyes, medicines [28,29] etc. The para product
of benzoylation of toluene, 4-methyl benzophenone (4-MBP) is useful
intermediate in synthesis of pharmaceuticals, fine chemicals, petroleum products,
dielectric fluids [30] etc. While, benzoylated product of anisole, 4-methoxy
benzophenone is aso an important intermediate for fine chemical production [31].
Over past few decades, benzoylation reaction has been carried out extensively
using molar quantities of Lewis acids such as AICl3;, BFs;, FeCls, HF, TiCly,
ZnCl,, triflic acid and Brensted acids like H,SO,, polyphosphoric acid [29-33]
etc. as catalysts. Lewis acid catalysts form complexes with product ketone
molecules which are to be cleaved by hydrolysis and neutralization steps. Taking
into consideration growing environmental concerns, high amount of toxic
effluents generated in neutralisation process is unbearable and thus, replacement
of homogeneous Lewis acids is essential. Heterogeneous acids used in this
protocol are Fex(SO,)s;, methane sulfonic acid, paladium trimethyl poly
phosphate, nafion-H/silica, bismuth (Il1) trifluoro methane sulfonate,
montmorillonite, hetero poly acids, zeolites, clay supported catalysts,
microencapsulated scandium (I11) triflate, metal organic framework (MOF) or
mesoporous molecular sieves [34-39] etc. Besides homogeneous and
heterogeneous acid catalysts, some bases like pyridine, triethyl amine are also
employed in benzoylation reactions [40]. Numerous benzoylating reagents are
employed for carrying out benzoylation reactions, such as, benzoyl chloride,
benzoic anhydride, benzoyl tetrazole, 2-benzoyl-1-methyl pyridinium chloride, S-
benzoic-o, o-diethyl phosphodithoic anhydride, benzoyl chloride [40-42] etc.
Benzoyl chloride is widely used benzoylating agent because of its readily
availability and lower cost. Conventional solid acid catalysts efficiently catalyze
benzoylation reactions but they require solvent system, nitromethane and lithium
perchlorate [43] which is inconvenient for industrial applications, hence, it has
become crucia to develop an aternative solid acid catalytic system which should
be eco- benevolent, industrially applicable, regenerable and cost-effective. This
progressing apprehension for greener and safer environment has drawn our
attention to explore the capabilities of thermally stable silica-alumina enriched
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natural waste, perlite to serve as a support material for loading of a super acid,
sulfated zirconiafor catalyzing industrially beneficial benzoylation reactions.

The work described in this chapter reports synthesis of innovative, highly
efficient, environment friendly, cost-effective, reusable perlite supported varying
amounts of sulfated zirconia catalysts (SZP). Different weight% of sulfated
zirconia is loaded on thermally activated perlite through two step sol-gel
methodology. The catalytic activity of as prepared catalysts is tested through
liquid phase series of benzoylation reactions of arenes having wide applicationsin
pharmaceuticals, perfumeries, fine chemicals etc. Higher conversion and
selectivity% of products reflects the stability of sulfated zirconia on perlite surface
responsible for generation of significant acidity and excellent catalytic activity.
The chapter also includes analytical study of structural, surfacial, morphological
and chemical aspects of al prepared materials though several characterization
techniques. Effect of various reaction variables on conversion and selectivity% is
studied during the course of reactions. The reusability of SZP up to five
consecutive runs with analogous efficiency and its better catalytic activity as
compared to other reported catalysts provide as a possible solution to overcome
the use of harmful liquid acid and costly commercia solid acid catalysts for
industrially significant benzoylation reactions. Moreover, this work also imparts a
key to control disposal problem of huge deposits of natural waste, perlite by

utilizing it as an innovative support material in heterogeneous catalysis.

6.2 Experimental
6.2.1 Materials

Zirconium propoxide is purcahsed from Sigma Aldrich, while concentrated
H,SO,, n-Propanol, benzene, toluene, anisole and benzoyl chloride are purchased
from Merck and used as such. Perlite is supplied by Indica Chem. Ind. Pvt. Ltd.,

India

6.2.2 Catalyst preparation
As received perlite is initially activated thermally at 800°C for 3 h to

remove excess water, carbon and other impurities and converted into thermally
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activated perlite (TAP). All the catalysts investigated in this study (SZP-9, 12 and
15) are synthesized by loading 9, 12 and 15 wt% of sulfated zirconia on TAP by
two step sol-gel methodology. The requisite amount of zirconium propoxide (1.44
g for 9 wt%, 1.92 g for 12 wt% and 2.39 g for 15 wt%) istaken in a 100 ml beaker
and diluted with 15 ml of n-propanol. 6 gm of TAP is then added in the mixture
and kept under constant stirring for 15 minutes. Water is added drop-wise in the
TAP-zirconium propoxide mixture under constant magnetic stirring at room
temperature (water: zirconium propoxide molar ratio = 4:1) for hydrolysis and
polycondensation. The resultant gel is aged for 24 h and dried a room
temperature followed by drying a 110°C for 24 h in oven to remove excess of
solvent from the pores of the gel. In the second step, the dried gel is powdered and
sulfated with 1 N solution of concentrated H,SO,4 under stirring for 1 h (15 ml
H,SO, solution is taken for sulfation of 1 g powdered dried gel). The sulfated gel
was filtered and dried a room temperature and then at 110°C for 24 h for
complete evaporation of water from gel. The porous structure of dried gel can be
seen in Figures 6.1. All the samples are then calcined at 550°C for 2 h in amuffle
furnace under static conditions. The steps of SZP catalysts synthesis are
summarized in Scheme 6.1.

Figure6.1: Gel obtained after drying at 110°C for 24 h.
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Scheme 6.1: Synthesis of sulfated zirconia perlite catalysts (SZP).
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6.2.3 Catalyst characterization

Physicochemical properties of all catalytic materials are studied by N
adsorption-desorption, XRD, FT-IR and pyridine adsorbed FT-IR, SEM, SEM-
EDX, TEM, TGA and UV-Vis DRS techniques, as described in Annexure-l.

6.2.4 Catalytic activity

The catalytic activity of SZP catalysts is tested by benzoylation of various
arenes by benzoyl chloride in solvent-free, liquid phase reaction conditions under
atmospheric pressure as shown in Scheme 6.2. The whole reaction is performed in
a liquid phase batch reactor equipped with 250 ml double necked round bottom
flask, digital magnetic stirrer and spiral glass condenser immersed in a constant
temperature oil bath. A mixture of arenes and benzoyl chloride (different molar
ratios) is taken in round bottom flask. Before introduction in reaction medium, the
varying amounts of catalyst are activated at 450°C under inert conditions for 1 h.
The reaction is carried out a different molar ratio of reactants at different
temperatures ranging from 50-170°C for time in the range of 2-5 h. After
completion of the reaction the catalyst is separa ted and the product is analyzed
by Gas Chromatograph (Agilent Technologies 7820A) having FID and Agilent
J&W Advanced Capillary HP 5 GC Columnsand N3 (1.5 ml/min) asacarrier gas.

The conversion% of arenes is caculated by using weight percent method
given below-

(Initial wt % - Final wt %)
Initial wt %

Conversion (%) = 100 X

The sdlectivity % of desired products is determined through GC by

following method-

(GC peak area % of desired product)
Sum of total peak area % for all products

Selectivity (%) of desired product = 100 X
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d
op e,
-HCl CHs
4 | benzophenone
Benzoyl chloride © etty
OCHs

Scheme 6.2: Simplified reaction pathway of benzoylation of aromatic
substrates by benzoyl chloride over SZP catalysts to give
corresponding benzophenones and its substitutions.

6.3 Resultsand discussion
6.3.1 BET analysis

BET specific surface area of samples as given in Table 6.1 indicates that
on loading sulfated zirconia, specific surface area increases. As precedent in
literature, zirconia itself possesses lower specific surface area [26], which
increases on sulfation due to interaction between sulphate and zirconium ions.
This enhancement can be explained on the basis of higher resistance to sintering
acquires through sulfation [44]. It can aso be related to the changes occur in
crystallization process of zirconia when sulphate groups are introduced in it. On
calcination, sulphates decompose into SO; which remains present on catalyst
surface, suppresses particle growth and thus induced formation of nanoparticles
having average pore diameter of about 4.7 nm calculated by N, adsorption-
desorption analysis. They in turn stabilize thermodynamically stable tetragonal
zirconia phase on catalyst which is responsible for catalytic activity, later
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explained in this chapter. The suppression of particle growth increases specific
surface area of catalysts.

Table6.1: BET specific surface area data of samples.

Samples BET specific surface area

(mg)
Perlite 2.6
TAP 2.2
SZP-9 48.84
SZP-12 65.58
SZP-15 80.45

6.3.2 X-ray diffraction analysis

The X-ray diffraction pattern of perlite (Figure 6.2a) shows a broad band
centred at 20 = 12-13° confirming the presence of amorphous silica. In TAP, a
small crystalline peak appearing at 20 = 27.642° (Figure 6.2b) shows the
formation of quartz crystalline phase as a result of thermal activation at higher
temperature [45]. Here, a broad hump at 26 = 22-23° confirms the co-existence of
amorphous silica [46]. In case of SZP-9, 12 and 15 catalysts, as shown in Figure
6.2c, d and e, a two phase mixture of monoclinic and tetragona phases of
zirconia is present (ICSD collection code 066787). The peaks located in all
catalysts at 26 = 25-27° are characteristic monoclinic phases [24] while peaks at
20 = 30, 41, 50 and 60° are characteristic for predominant tetragonal phases [1].
On increasing loading of zirconiafrom 9 to 15 weight %, intensity for monoclinic
phases aso get increased. Though, number of peaks and the intensity of catalytic
efficient tetragonal phase are found to be highest in SZP-15 catalyst. Pure zirconia
mainly consists of monoclinic, tetragonal and cubic phases [44]. In pure ZrO,,
monoclinic phase is stable up to 1100°C and transforms into tetragonal phase
above 1200°C [44]. On introducing sulphate ions, metastable tetragonal phase
stabilizes at relatively lower temperature, i.e., up to 600°C. On increasing

cacination temperature above 600°C, tetragonal phase transforms into
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thermodynamically stable monoclinic phase [47]. The phenomenon involving in
this transformation is sintering in which, the surface sites adsorb oxygen and helps
in conversion of tetragonal to monoclinic phase. At lower temperature, as
incorporated sulphate ions cover these sites and stabilize acidic tetragonal phase
[48]. In SZP-9 and 12, sulphate content is relatively lower, so these monoclinic
phases are stronger and more in number than tetragonal phases. Due to sulphate
ion introduction, crystallite size of zirconia decreases in catalysts and thus size
determination of such peaks is not feasible. A hump centred at 26 = 12-13°
characteristic of support material (perlite) is retained in XRD patterns of all
samples. Few previous reports stated that when zirconium content is < 30 weight
%, then it is also present in amorphous form along with its crystalline phases.
Amorphous zirconium atoms get incorporated into amorphous silica skeleton of
perlite [49] and reacts with silica to form zircon (ZrSiO,) as a major component
[50].

6.3.3 Fourier transform infra-red analysis (FT-IR)

FT-IR spectrum of perlite (Figure 6.a) shows a broad band between 3600-
3300 cm™ which is attributed to surface hydroxyl groups of Si-OH and water
molecules adsorbed on the surface [51]. The intensity and broadness of this band
decreases in TAP (Figure 6.3b) conferring loss of water during thermal
activation. The strong band at 1178 cm™ in perlite due to asymmetric vibration
frequency of Si-O-Si bond also gets shifted at 1227 cm™ in TAP after thermal
activation, which is a common feature of amorphous silica samples [52]. The FT-
IR spectra of SZP-9, 12 and 15 catalysts as displayed in Figure 6.3c, d and e aso
show a broad band characteristic of surface —OH groups whose intensity increases
with increase in loading of sulfated zirconia due to incorporation of zirconia and
sulphate content. In all catalysts, this band shifts at lower frequency (3575 cm™)
as compared to support material suggesting the enhancement in acid strength due
to generation of S-OH groups as aresult of sulfation [44]. Peaks around 1630 cm™
are also observed in al samples corroborating to bending mode (6o.4) of —OH
groups and water molecules [53]. The persistence of above bands in catalysts even
after calcination at 550°C points to the stability of their Brensted acid.
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Figure6.2: X-ray diffraction pattern of (a) Perlite, (b) TAP, (c) SZP-9, (d)
SZP-12 and (e) SZP-15.
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In all SZP catalysts (Figure 6.4a, b and c), FT-IR bands at 1153 and 1207
cm* are assigned to S-O asymmetric stretching mode of vibration of an inorganic
chelating bidentate ion co-ordinated to a metal cation like Zr** [54]. The partial
ionic character of S-O band is responsible for Brensted acidity in SZP catalysts
[55]. Literature accounts for the presence of an intense band at 1382-1391 cm™
due to S=O asymmetric stretching vibration in sulphur complexes formed by
interaction of metal oxides with sulphate ions [56] which is a characteristic band
of sulfated zirconia and its analogues [19]. On adsorbing water molecules, a red
shift in wavenumber (1344 cm™) is seen here. This wavenumber shift corresponds
to adecrease in bond order of S=0O covaent bond and an increase in partial charge
of oxygen atom [1] resulting in increase in acid strength of catalysts. This is a
common phenomenon for sulfated zirconia loaded silica samples [57]. On
increasing sulphate content in SZP-9, 12 and 15 catalysts, this wavenumber shift
occurs in same fashion. But the intensity of this band is less in SZP-9 and 12
indicating the migration of sulphur into bulk phase of zirconia and existence of
less sulphur content on surface [24]. The absence of band around 1400 cm™ in all
samples denotes that there is no formation of polynuclear sulphates, S,0;2 on
surface of catalysts[58].

On addition of zirconium, the Si-O-Si lattice stretching vibration appearing
in 1300-1100 cm™ region shifts to lower wavenumbers, i.e., 953 and 898 cm™
probably due to incorporation of zirconium into silica network of perlite [59] and
formation of Zr-O-S linkage [60]. The intensity of these bands increases
progressively with increase in zirconium content from SZP-9 to SZP-15 catalysts.
Some bands in the region of 700-550 cm™ can be attributed to Zr-O stretching
vibrations which are still less resolved due to their superimposition with Si-O-Si
deformation bands [61]. These bands appear due to presence of dispersed ZrO,
clusters on TAP surface.
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Figure6.3: FT-IR gspectra of (a) Perlite, (b) TAP, (c) SZP-9, (d) SZP-12
and (e) SZP-15.
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Figure6.4: FT-IR spectraof (a) SZP-9, (b) SZP-12 and (c) SZP-15.
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6.3.4 Pyridine adsorbed FT-IR analysis of catalysts

The types and strengths of acid sites on solid catalyst can be determined
by using pyridine adsorption in conjunction with FT-IR spectroscopy. In case of
sulfated zirconia loaded catalysts, acidity is more likely due to presence of
sulphate ions as ZrO, possess low acidic properties [4]. The superacidic character
arises because of double bond nature of S=O complex formed as a result of
interaction between ZrO, and sulphates. In Figure 6.5, the spectra show intense
bands a 1545 and 1445 cm™ attributing to Breonsted and Lewis acid sites
respectively [62-64]. Pyridine interacts with Brensted acid sites to form
pyridinium ion, as a result, N-H bending of pyridinium ion gives its characteristic
band at 1545 cm™ while, pyridine co-ordinatively bonded to Lewis acid sites and
give band at 1445 cm™ [65]. Sulphate groups are itself Lewis acidic and when
they withdraw electron density from zirconia through bridging oxygen, Lewis
acid sites generated on zirconia, while Bragnsted acid centres in catalysts are due to
protons generated by sulphate groups. Interchange of Lewis and Bransted acidic
sites in these catalysts is an important concept for catalysis which is also
described in catalyst model, later explained in this chapter. During water vapour
adsorption or hydration, presence of HzO" and HSO* converts Lewis acidic sites
to Brensted acidic sites with high protonic strength [66]. On increase in sulphur
content, number of Lewis and Bransted acid sites also increases [67]. Stability of
tetragonal phase also plays an important role in increase in Bransted acid sites as
it produces most stable structure during hydration [68]. Thus Bransted bands are
less intense in SZP-9 and 12, most intense in SZP-15 while more intense and
broad Lewis bands are found in case of SZP-9 and 12 as compared to SZP-15. A
band present at 1485 cm™ in all samples is ascribed to presence of both Brensted

and Lewis sitesin the samples [69].
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Figure6.5: Pyridine adsorbed FT-IR spectra of (a) SZP-9, (b) SZP-12 and
(c) SZP-15.
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6.3.5 Scanning electron microscopy (SEM and SEM-EDX analysis)

The SEM micrograph of perlite (Figure 6.6a) clearly reveals the irregular
morphology of perlite particles. SEM image of TAP (Figure 6.6b) is mainly
fragmatic and less irregular. While SEM images of SZP-9, 12 and 15 (Figure
6.6c, d and e) depict the agglomeration of particles after chemical treatment with
H.SO,. Loading of sulfated zirconia is further confirmed by appearance of shiny
particles finely dispersed on perlite surface.

SEM-EDX analysis as given in Table 6.2 illustrates the silica and alumina
to be the major constituents of perlite. While presence of S and Zr in all catalysts
confirm the loading of sulfated zirconia which increases on increasing S and Zr
content in SZP-9, 12 and 15 catalysts.

Table6.2: EDX analysis of perlite, TAP, SZP-9, SZP-12 and SZP-15.

0] Si Al K Na Zn Fe Ti S Zr
Samples
(Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%)  (Wt%) (wt%)
Perlite 73.70 18.83 3.72 144 191 0.22 0.10 0.07
SZP-9 72.82 20.62 2.74 0.23 0.47 - - - 2.18 0.94
SZP-12 72.43 19.22 254 0.23 0.47 - - - 3.68 143
SZP-15 71.94 17.76 2.26 0.23 0.37 - - - 5.46 1.98

6.3.6 Transmission electron microscopy (TEM analysis)

TEM image of perlite (Figure 6.7a) also exhibitsits irregular morphology.
Dark field image of SZP-15 catalyst (Figure 6.7b) shows small dots indicating
the presence of nanocrystalline, finely dispersed tetragona zirconia on perlite
surface [70]. With the help of another TEM image (Figure 6.7c) particle size of
catalyst can be determined which is found to be in the range of 9-25 nm. Thus, it
can be said that two step sol-gel method adopted for catalyst synthesis is suitable
enough to obtain stable, adherent loading of nanocrystaline sulfated zirconia
particles on perlite surface which increases surface area of catalyst, thus, number
of catalytic sites aso increases and ultimately catalytic efficiency of SZP-15

increases.
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Figure6.6: SEM micrographsof (a) perlite, (b) TAP, (c) SZP-9, (d) SZP-12
and (e) SZP-15.
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Figure6.7: TEM micrographsof (a) perlite, (b) and (c) SZP-15.
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6.3.7 Thermo-gravimmetric analysis (TGA)

TGA curve of perlite (Figure 6.8a) portrays that there is a sharp decrease
in weight in region between 100-400°C due to removal of moisture adsorbed on
surface. While, at higher temperature, a gradual weight loss is seen which can be
due to decomposition of volatile metal oxides or carbonaceous materials present
in perlite. In TGA pattern of SZP-15 catalyst as displayed in Figure 6.8b, the
initial sharp weight loss up to 400°C could be assigned to removal of physically
adsorbed water of hydration. In unsulfated zirconia systems, a prominent weight
loss is observed between 420-470°C, which is attributed to the phase
transformation of zirconium from amorphous to crystalline phases [71]. However,
the absence of such weight loss in our catalyst reveals that sulphate incorporation
increases stability of metastable tetragonal zirconia phase which is essentia for
efficient catalytic activity and is aso in well agreement with XRD results. A
gradual weight loss in higher temperature range, i.e., 600-900°C can be due to
decomposition of sulphate ions and transformation of tetragonal to monoclinic
phase of zirconia. The overall weight loss of sulfated zirconia sample is much less
than unsulfated materials suggesting that sulphate species has displaced some
loosely bonded surface hydroxyl groups[72].
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Figure6.8: TGA curvesof perliteand SZP-15.
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6.3.8 Ultra violet-Visible Diffuse Reflectance spectroscopy (UV-Vis
analysis)

UV-Vis spectroscopy has been used to determine molecular structure of
zirconium species after incorporation into silica based support materias. In UV-
Vis spectra of all catalysts as shown in Figure 6.9, a band near 210 nm is seen
which can be assigned to oxygen-zirconium charge transfer [14]. It aso suggests
the presence of tetragona phase of ZrO, in tetrahedral environment [19]. Such
bands are seen when zirconium species are successfully incorporated into
mesoporous silica skeleton of support. Absence of band at 230 nm in al catalysts
reveals non-dominance of monoclinic phase of ZrO, [59]. For nano sulfated
zirconia particles, an additional band at 298 nm attributing to oxygen-zirconium
charge transfer also appears, which is present in all catalysts [73]. A band between

375-400 nm characteristic of rich zirconium content is also present in al catalysts.

0.08

] —— P9
07 — P12
. — P15
0,06
g 0,054
é 004
@ 0,03
< oA
001
0,00
001 S e e L
0 30 40 50 &0 70 80

Wavdength (nm)

Figure6.9: UV-VisDRS spectra of SZP-9, 12 and 15.
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6.4 Catalyst selection

The catalytic activity of al samplesis evaluated by benzoylation reaction of
benzene by benzoyl chloride to give benzophenone under single step, one pot,
solvent-free, liquid phase reaction conditions. Reaction is carried out at 90°C for
2.5 h, taking benzene/benzoyl chloride molar ratio 1:2 and benzene to catalyst
weight ratio of 5:1. Results depicted in Table 6.3 show that no reaction occurs in
absence of catalyst, as well as, perlite and TAP do not possess any catalytic
activity towards this reaction. SZP-9 and 12 show less catalytic activity towards
the reaction because of lower presence of catalytic active Bregnsted acidic sites
also confirmed by pyridine adsorbed FT-IR studies given before in the chapter. As
benzoylation reactions are Bransted acid catalyzed reactions, SZP-15 show
maximum conversion% owing to presence of sufficient catalytic active Bransted
acidic sites.

Table6.3: Catalytic activity of different catalysts for benzoylation
reaction of benzene by benzoyl chloride.

Catalysts Conversion (%)
Without catalyst Nil
Perlite Nil
TAP Nil
SZP-9 54
SZP-12 78
SZP-15 86

Reaction conditions: Time = 2.5 h; Temperature = 90°C; molar ratio (benzene/benzoyl chloride =
1:2); substrate/catalyst weight ratio = 5:1.

In light of above inferences, effect of various reaction variables like reaction
temperature and time, molar ratio of reactants, substrate/catalyst ratio, and nature
of substrate for a series of benzoylation reactions of different arenes by benzoyl
chloride are studied in detaill using SZP-15 catalyst. Consequently, optimized
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reaction conditions are determined to achieve maximum conversion% and
selectivity of desired products.

6.5 Catalytic activity

6.5.1 Influence of reaction temperature

The effect of reaction temperature on conversion and selectivity% is
studied to optimize the reaction temperature. For this purpose, benzoylation of
benzene, toluene and anisole is carried out at different temperatures ranging from
50-170°C for 3, 3.5 and 4 h. Figure 6.10 indicates that conversion% of benzene
increases linearly up to 80°C with 100% selectivity of benzophenone. However,
on further increasing reaction temperature up to 90°C, the conversion remains
constant with decrease in selectivity from 100% to 78%. Similarly, on increasing
reaction temperature above optimized temperature in case of toluene and anisole
I.e,, 110 and 150°C respectively, the conversion% remains amost constant while
desired product selectivity% decrease abruptly as shown in Figure 6.11 and
Figure 6.12. At higher temperature, possibility of consecutive benzoylation
reactions between thus formed benzoylated products and benzoyl chloride
increases forming di or tri benzoylated products and consequently selectivity% of
desired products. Moreover, benzoylation is a C-C bond forming reaction, but at
higher temperature, O-benzoylation can also occur producing esters as minor
products thus decreasing the overall desired product selectivity% of the reaction.
In case of toluene, at higher temperature, selectivity towards thermodynamically
stable product, 3-methyl benzophenone also increases [30] and thus selectivity of

desired product, 4-methyl benzophenone decreases.

197



Chapter 6

100

80 1

60 1

40 4 —¢—Conversion®

—fli—Selectivity %

U L) L) L] L] L]
0 20 40 60 80 100

Temperature (°C)

Figure6.10: Variation of conversion and selectivity (%) of benzene over
SZP-15 with temperature.

Reaction conditions: Time = 3 h; molar ratio (benzene/benzoyl chloride = 1:2); substrate/catalyst
weight ratio = 5:1.
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Figure6.11: Variation of conversion and selectivity (%) of toluene over
SZP-15 with temperature.

Reaction conditions: Time = 3.5 h; molar ratio (toluene/benzoyl chloride = 1:2);
substrate/catalyst weight ratio = 5:1.
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Figure6.12: Variation of conversion and selectivity (%) of anisole over
SZP-15 with temperature.

Reaction conditions: Time = 4 h; molar ratio (anisole/benzoyl chloride = 1:2); substrate/catalyst
weight ratio = 5:1.

6.5.2 Influence of reaction time

To study the influence of reaction time periods on conversion and
selectivity%, benzoylation of benzene, toluene and anisole are carried out for
different time intervals ranging from 2-5 h at 80, 110 and 150°C respectively. As
shown in Figure 6.13, conversion% of benzene increases up to 3 h and remains
constant till 4 h. Likewise, conversion% of toluene and anisole also increase up to
3.5 and 4 h respectively and remains constant at higher time periods as inferred
from Figure 6.14 and Figure 6.15. Whereas, on increasing time period,
selectivity% decreases in all reactions, because on providing more contact time to
reactants, chances of continuous benzoylation reaction increases and thus, di or tri

benzoylated products formed more decreasing the total selectivity% of reactions.
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Figure6.13: Variation of conversion and selectivity (%) of benzene over
SZP-15 with time.

Reaction conditions: Temperature = 80°C; molar ratio (benzene/benzoyl chloride = 1:2);
substrate/catalyst weight ratio = 5:1.
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Figure6.14: Variation of conversion and selectivity (%) of toluene over
SZP-15 with time.

Reaction conditions: Temperature = 110°C; molar ratio (toluene/benzoyl chloride = 1:2);
substrate/catalyst weight ratio = 5:1.
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Figure6.15: Variation of conversion and selectivity (%) of anisole over
SZP-15 with time.

Reaction conditions: Temperature = 150°C; molar ratio (anisole/benzoyl chloride = 1:2);
substrate/catalyst weight ratio = 5:1.

6.5.3 Influence of molar ratio of reactants

The effect of molar ratio of benzene, toluene and anisole to benzoyl chloride
on conversion and selectivity% of desired products is aso studied over SZP-15
catalyst under optimized reaction conditions. According to data provided in Table
6.4, it isfound that at molar ratio 1:2, maximum conversion% of benzene, toluene
and anisole with highest selectivity of their respective products (benzophenone, 4-
methyl benzophenone and 4-methoxy benzophenone) is obtained. At 2:1 molar
ratio, less conversion% is observed due to inadequate quantity of benzoyl chloride
and thus most of arenes remain unreacted in reaction medium. When toluene is
taken in higher amount, possibility of formation of 3-methyl benzophenone
increases thus whole selectivity% of reaction decreases. In case of excess amount
of benzoyl chloride the selectivity% decreases which can be attributed to
formation of di or tri benzoylated products by repeated benzoylation reactions
between excessive benzoyl chloride and as formed benzoylated products. In
addition to, polycondensation products of benzoyl chloride may also form in case

of excess benzoyl chloride.
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Table6.4:

Effect of molar ratio of arenes/benzoyl chloride on conversion
and selectivity % over SZP-15.

Molar

Conversion  Selectivity %  Conversion  Selectivity %  Conversion  Selectivity %

ratio % of of benzophe- % of toluene  of 4-methyl % of anisole  of 4-methoxy
benzene none benzophe- benzophe-
none none
2:1 62 68 58 70 60 70
11 78 82 83 80 81 82
1:2 90 100 93 99 96 99
1.5 85 78 82 76 84 78

Reaction conditions: Time = 3, 3.5 and 4 h; Temperature = 80, 110 and 150°C for
benzoylation of benzene, toluene and anisol e respectively; substrate/catalyst weight ratio = 5:1.

6.5.4 Influence of substrate to catalyst weight ratio

The effect of substrate to catalyst weight ratio on conversion% of desired
products is studied by varying the amount of catalyst under optimized reaction

conditions. As inferred from Figure 6.16, it can be said that at on increasing

catalytic amount, conversion% increases in al reactions. It can be ascribed to

availability of enhanced number of catalytic active sites. On further increase in the

amount of catalyst no significant change is observed.
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Figure6.16: Variation of conversion % of benzene, toluene and anisole over
SZP-15 with substrate/catalyst weight ratio.

Reaction conditions: Time = 3, 3.5 and 4 h; Temperature = 80, 110 and 150°C for benzoylation of
benzene, toluene and anisole respectively; molar ratio (arenes/benzoyl chloride = 1:2.
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6.5.5 Influence of aromatic substrate

The reactivity of aromatic substrates are in order — benzene (90%
conversion) < toluene (93% conversion) < anisole (96% conversion). This can be
explained on the basis of ortho-para directing effect of alkyl substituent present
on aromatic ring. The electron releasing nature of —CH3; and —OCH3; groups
present in toluene and anisole respectively favour electrophillic substitution at
aromatic nucleus. Hence, eectrophillic attack of benzoyl carbocation on
substituted aromatic ring is favoured, leading to formation of benzoylated
aromatic compounds at higher rate than that expected in absence of any electron
donating group.

The optimized reaction parameters for a series of benzoylation reactions
over SZP-15 in order to achieve maximum conversion and selectivity% are listed
below in Table 6.5.

Table6.5: Optimized reaction para meters for a series of benzoylation
reactions of aromatic substrates by benzoyl chloride over SZP-
15 with maximum conversion and selectivity % of major

products.
SN Aromatic Reaction Reaction Conversion Major productswith
. No.
substrates  temperature (°C) time (h) % selectivity %
1 Benzene 80 3 90 Benzophenone (100%)
4-methyl
2. Toluene 110 35 93
benzophenone (99%)
4-methoxy
3. Anisole 150 4 96
benzophenone (99%)

Reaction conditions: Molar ratio (arenes/benzoyl chloride = 1:2); substrate/catalyst weight ratio
=51

Due to bulky nature of benzoyl group, para - substitution predominates.
Owing to deactivating character of —~ArCO group of benzoyl chloride, chances of
formation of dibenzoylated products is very less under optimized reaction
conditions. The predominance of para product can be correlated with sigma (o)
value of substituents. As per Hammett equation, negative sigma value indicates

electron releasing nature of substituents. Since, g, value of —-CH3z and —-OCHj3
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groups is greater than o, and g, vaues, thus, formation of para products is
favoured.

6.5.6 Comparison with other reported catalysts
As depicted from Table 6.6, it can be said that SZP-15 gives higher
conversion% of desired products for a series of benzoylation reactions than some

previously documented commercial catalysts.

Table6.6: A comparison of benzoylation reaction of benzene, toluene and
anisole by benzoyl chloride to give corresponding
benzophenones over different types of solid catalysts.

Benzene Toluene Anisole
Catalysts References
conver sion% conver sion% conver sion%

PIZP* 87 90 % [74]
IN04/Si- 54 85 86
39
MCM-41%* 9
SZP-15*** 90 93 % This study

Reaction conditions:

* Time= 3.5, 3and 1; Temperature = 80, 100 and 100°C for benzoylation of benzene,
toluene and anisole respectively; molar ratio (arenes/benzoyl chloride = 0.1:0.02).

** Time = 5.8, 2.5 and 4.9 h; Temperature = 80, 110, 80°C for benzoylation of benzene,
toluene and anisole respectively; catalyst/benzoyl chloride weight ratio =0.33.

*** Time= 3, 3.5 and 4 h; Temperature = 80, 110 and 150°C for benzoylation of
benzene, toluene and anisole respectively; molar ratio (arenes/benzoyl chloride = 1:2);

catalyst weight =0.2g.
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6.6 Mechanical aspects

The proposed model structure of SZP-15 catalyst is shown in Scheme 6.3
(@) and (b). The zirconia clusters are supported on surface of perlite by S-O-Zr
linkages. The sulfate species are bonded with zirconium atom as bidentate
chelating ligand. The catalyst exhibit both types of acid sites, Bransted as well as
Lewis sites, on its surface, as confirmed by pyridine FT-IR spectrum described
earlier in this chapter. The sulfate group in association of water molecules
behaves like ionic sulfate and generates Bransted acid sites on the surface. The
desorption of water molecule can convert the ionic sulfate to covaently linked
sulfate with zirconium atom and generate Lewis acid sites [50]. However inter-
conversion of Lewis sites to Bragnsted sites may occur during our reaction system
which is represented in Scheme 6.3a. Other acid sites arise on the surface are due
to Si—-OH or Si—-O-Zr—OH groups.

Electrophillic substitution reaction follows Eley-Ridea type mechanism.
Benzoyl chloride is polarised over surface Brensted acid sites of the catalyst and
produces carbocation which acts as surface electrophile as shown in Scheme 6.4,
then attacks on the aromatic substrate present in liquid phase and form
benzoylated product by simple electrophilic substitution reaction. Thus, in
reaction mechanism, formation of carbocation is an important step. —-CH3; and —
OCH3 being electron releasing groups, increase electron density on aromatic ring
and make it more vulnerable towards el ectrophillic attack of benzoyl carbocations.
Therefore, conversion% is higher for anisole and toluene as compared to benzene

for benzoylation.

205



Chapter 6

O O e) O
\S/ Interconverson . \S/

/\ / N\

o © o) O /H
N/ N b

. 77t OH zr N
Lamsste7 \ | / \ \H
0 O S 0 O

| | | | | o
S S O g g
| | | | |
Perlite support
@
H H
N\
+o/ OH
pd |
Bronsted site zr 7r
| |
O OH 0]
| | |
Si Si Si

Perlite support

(b)

Scheme 6.3: Proposed structure for active sites of SZP-15 (a) Generation of
Bronsted and Lewis acidic sites and their interconversion, (b)

Generation of Brgnsted acidic sitesdueto Si-Zr-OH group.
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Scheme 6.4 Proposed mechanism of benzoylation of aromatic substrates by
benzoyl chloride over SZP-15.
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6.7 Catalyst reusability

The catalyst from all reaction mixtures are filtered, washed with acetone and
regenerated by thermal treatment at 450°C for 2 h for their use in next reaction
runs under similar reaction conditions. The regenerated catalyst is found to be
equaly efficient up to 5 reaction cycles for al reactions giving conversion in
range of 90-85%, 93-88% and 96-90% for benzoylation of benzene, toluene and
anisole respectively as shown in Table 6.7. The FT-IR spectrum (Figure 6.17b)
of SZP-15 regenerated after 5™ reaction cycle resembles with the FT-IR spectrum
of fresh SZP-15 catalyst (Figure 6.17a) indicating the intact chemical
composition and stability of active sites of catalyst. The results interpret that the
catalyst can be easily regenerated by simple filtration and thermal treatment
without any considerable loss of activity of catalytic sites. The conversion% is
decreased after fifth reaction cycle, attributed to the physical adsorption of
carbonaceous materials on surface of catalyst which blocks the pores of catalyst,
restricts access of reactants on catalytic active sites [75], limits their reaction with
each other and thus decreases the overall conversion% of the reaction. This
phenomenon is also confirmed by decrease in broadness and intensity of band
appearing between 3600-3300 cm™ and a peak around 1630 cm™ attributing to
stretching and bending —OH vibrations respectively in case of regenerated catalyst
which plays an important role in catalysing benzoylation reactions. HCI produced
during reaction also deactivates catalytic sites. The stability, heterogenity of SZP-
15 catalyst and possibility of leaching of active sulphur and zirconia content by
HCI, formed as by-product in reaction medium is further analyzed by Sheldon’s
hot filteration test [76] which involves filtration of catalyst from reaction mixture
in middle of the reaction and further continuance of reaction in absence of
catalyst. The results show that the reaction queches on filtering off the catalyst,
hence it is confirmed that active sulfated zirconia species responsible for catalytic

activity do not get leached off during course of reaction.
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Figure6.17: FT-IR spectra of (a) SZP-15 and (b) regenerated catalyst.
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Table6.7: Benzoylation of benzene, toluene and anisole by benzoyl
chloride over fresh and regenerated SZP-15.

Reaction Conversion (%) of Conversion (%) of Conversion
cycle benzene toluene (%) of anisole
I 90 93 96
I 90 92 95
[l 89 91 93
Vv 87 90 92
\% 85 88 90

Reaction conditions: Time = 3, 3.5 and 4 h; Temperature = 80, 110 and 150°C for benzoylation of
benzene, toluene and anisole respectively; molar ratio (arenes/benzoyl chloride = 1:2);
substrate/catalyst weight ratio = 5:1.

6.8 Identification of products

Product confirmation is done by melting point analysis, *H NMR and **C
NMR techniques by comparison with standard products.

Benzophenone — Mdting point - 49°C; *H NMR: 3 7.77-7.74 (d, 4H, J = 7 HZ),
7.55-7.50 (t, 2H, J = 7 Hz), 7.45-7.40 (t, 2H, J = 7 Hz); °C NMR: 5 196.61
(CO), 137.49, 132.33, 128.19.

4-M ethylbenzophenone — Melting point - 57°C; *H NMR: & 7.79-7.76 (d, 2H, J
= 7Hz), 7.73-7.70 (d, 2H, J =8 Hz), 7.59-7.54 (t, 1H, J = 6 HZ), 7.48-7.43 (t,
2H, J =7 Hz), 7.29-7.26 (d, 2H, J = 8 Hz), 2.42 (s, 3H); *C NMR: 5 196.35
(CO), 134.14, 137.86, 134.79, 132.08, 130.22, 129.85, 128.90, 128.13, 21.63
(Me).

4-M ethoxybenzophenone — Mélting point - 62°C; *H NMR: 3 7.82-7.79 (d, 2H,
J=9Hz), 7.74-7.71 (d, 2H, = 8 Hz), 7.60-7.53 (t, 1H, J = 7 HZ), 7.46-7.41(t,
2H, J =7 Hz), 6.95-6.92 (d, 2H, J = 9 Hz), 3.87 (s, 3H); *C NMR:  197.17
(CO), 163.18, 138.24, 132.55, 131.86, 130.10, 129.70, 128.16, 113.52, 55.48
(OMe).
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6.9 Conclusion

The present investigation discusses the synthesis of a novel, highly
potential, nano-crystalline, recyclable super solid acid catalyst, sulfated zirconia
supported on thermally activated perlite (SZP). Therma activation of perlite
stabilizesitsrich silica-alumina content and provides an excellent support material
for further loading of sulfated zirconia in varying amounts through two step sol-
gel methodology. SZP-15 catalyst possessing optimum Bregnsted acidic sites, as
determined by pyridine adsorbed FT-IR spectroscopy efficiently catalyze a series
of liquid phase benzoylation reactions of arenes utilizing benzoyl chloride as
benzoylating agent. XRD studies reveal the existence of catalytic active tetragonal
phase of zirconia in SZP-15. The efficiency of catalyst is further confirmed by
higher conversion% obtained in all reactions. In addition to, catalyst can aso be
reutilized up to five consecutive reaction runs with analogous potency after simple
filtration and thermal treatment. Sheldon’s hot filtration find out that the active
sulfated zirconia species is firmly stabilized on perlite and do not get leached off
during the reaction conserving the heterogeneous nature of catalyst during whole
procedure. Influence of various reaction variables are studied during the reactions
which helps in determining optimized reaction conditions to obtain maximum
conversion and selectivity%. Catalytic activity of SZP-15 has been proved better
than some previously reported solid acid catalysts establishing the stability of
super acidic sitesin catalyst. Hence, the novelty of thiswork isthat perlite after its
appropriate activation can replace other conventional supports for loading of
sulfated zirconia and can be utilized in catalyzing benzoylation reactions having
wide applicationsin pharmaceutical, fine chemical, perfumeries sectors.
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CHARACTERIZATION TECHNIQUES

Physicochemical properties of al catalytic materials are studied by N2
adsorption-desorption, XRD, FT-IR and pyridine adsorbed FT-IR, SEM, SEM-
EDX, TEM, TGA, UV-Vis DRS, Solid state *'P NMR techniques. The reaction
products are analyzed by *H, **C NMR and gas chromatography .

1. BET analysis

Specific surface area and average pore diameter of samples are determined
from N adsorption-desorption, done by using Thermo Scientific™ Surfer surface
area analyzer. The samples are degassed under vacuum at 120°C for 4 h, prior to
adsorption in order to evacuate the physisorbed moisture. BET analysis is done at

University of Pune, Pune.

2. X-ray diffraction analysis

The structural features of samples are analyzed by X-ray diffraction studies.
X-ray diffraction (XRD) patterns are recorded by Bruker D8 Advance
diffractometer, using Ni-filter and Cu K, radiation (E = 8047.8 eV, A = 1.5406A").
The samples are scanned in 26 range of 5-75° at a scanning rate of 0.04°s™*. XRD
analysis has been done at UGC-DAE CSR, Indore.

3. Fourier transform infra-red analysis (FT-IR)

FT-IR study is executed on Bruker FT-IR Spectrophotometer (TENSOR 27)
in DRS (Diffuse Reflectance System) mode by mixing samples with KBr in 1:20
weight ratio. The acidity of the catalysts is measured by pyridine adsorbed FT-IR.
The samples (0.2 g) were activated at 450 °C for 2 h and exposed to pyridine (25
ml) for 24 h. The spectra were recorded in the range of 550-4000 cm™* with a
resolution of 4 cm™. FT-IR analysis is conducted at Department of Pure and

Applied Chemistry, University of Kota, Kota.

4. Scanning electron microscopy (SEM and SEM-EDX analysis)

The detailed imaging information about the morphology and surface
topography is studied by Scanning €lectron microscope (Model-JEOL-JSM 5600
and LEO 435VP). SEM analysis is done at UGC-DAE CSR Indore, University

of Pune, Puneand |1 T-Roorkee.
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5. Transmission electron microscopy (TEM analysis)

The surface morphology and texture of samples is further confirmed by
TEM analysis, Model: H-7500 (Hitachi Make). TEM analysis is done at SAIF-
Chandigarh.

6. Thermo-gravimmetric analysis (TGA)

Thermo gravimetric analysis (TGA) of the samples is carried out using
DTG-60-H- Shimadzu thermal analyzer (C-30574400175), by heating the samples
in the range of 50-1000 °C with a heating rate of 10°C/min under nitrogen flow
(50 cm®min). TGA analysis of samples is done at University of Pune, Pune and
I T-Roorkee.

7. Ultra violet-Visible Diffuse Reflectance spectroscopy (UV-Vis
analysis)

UV-Vis spectra in the range of 200-800 nm were measured with a Perkin
Elmer Lambda 950 UV-Vis spectrophotometer equipped with Harrick DRS
assembly at ambient temperature. UV-Vis DRS analysis is done at UGC-DAE
CSR Indore.

8. Solid state **Phosphorus NMR analysis

Solid state P MAS NMR spectra (Mercury Plus-300 spectrometer. Make:
Varian) are recorded at 121.5MHz with high power decoupling with a Bruker
4mmprobe head. The spinning ratewas 10 kHz and the delay between two pulses
was varied between 1 and 30 s to ensure that complete relaxation of the *'P nuclei
occurred. The chemical shifts are given relative to external 85% H3PO,4.This
analysisisdone at SAIF-11T Bombay.

9.'H and **C NMR analysis
'H and *C NMR analysis of reaction products is carried out on Bruker
AvIll HD-300 NMR spectrometer. The analysisis done at CDRI Lucknow.

216



Annexure-|

10. Mechanical activation

Mechanical activation of fly ash is carried out in a high energy planetary
ball mill (Retsch PM-100, Germany). As received fly ash is mechanically
activated in an agate jar using 5 mm agate balls with 10:1 ball to powder weight
ratio (BPR). The mechanical activation was done at 250 rpm rotation speed for
specified time period. Mechanical activation is carried out at Department of Pure
and Applied Chemistry, University of Kota, Kota.

11. Gas Chromatography

The products are analyzed by Gas Chromatograph (Agilent Technologies
7820A) having FID and Agilent J& W Advanced Capillary HP 5 GC Columns of
30 m length and 0.320 mm diameter, programmed oven temperature of 60-325°C
and N2 (1.5 ml/min) as a carrier gas. GC analysis is conducted at Department of
Pure and Applied Chemistry, University of Kota, Kota.

12. Melting point detection

Melting points of products are detected by using Xd-6 microscope melting
apparatus. Melting point determination is done at Department of Pure and
Applied Chemistry, University of Kota, Kota.
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This article presents the use of diffuse reflectance infrared Fourier transform (DRIFT) spectroscopic technique
in investigation of the effect of thermal activation on morphology of perlite. Perlite, a naturally occurring waste

siliceous material formed by rapid cooling of volcanic eruptions was thermally treated over a range of temperatures. This
study focuses on changes in both structure and chemical bonding of perlite due to thermal activation at different tempera-
tures viz., 400, 600, 800, 1000°C for certain time period. The results reveal that on increasing temperature of thermal activa-
tion, loss of water occurs which is confirmed by decrease in intensity and broadness of the band, appears between 3600-3300
cm'!, attributing to surface —OH groups. Other bands present in the DRIFT spectra shows the presence of Si-O-Si network

and amorphous nature of silica in perlite.

Introduction

Infrared spectroscopy is a well established technique for
the identification of chemical compounds and/or specific
functional groups in compounds. An alternative is the use
of Fourier Transform Infrared Spectroscopy (FTIR), which
is both rapid, non-destructive and requires small, <1 mg,
sized samples. Chemical bonds vibrate at a characteris-
tic frequency representative of their structure, bond an-
gle and length. Accordingly, individual molecules have
the ability to interact with incident radiation by absorbing
the radiation at specific wavelengths. FTIR spectroscopy
takes advantage of this by recording the energy absorp-
tion of a sample over a range of frequencies. Diffuse re-
flectance infrared Fourier transform (DRIFT) spectroscopy
in conjunction with other analytical techniques has been
extensively applied over the years to explore the struc-
ture and bonding in amorphous siliceous materials [1]. This
technique has proved to be a powerful method to identify
the isolated and H-bonded hydroxyl groups on surface of
silica [2,3].

R.L. Frost et al. [4] proposed that DRIFT spectroscopy is
more applicable than transmission infrared spectroscopy
for powdered samples because it provides a rapid tech-
nique for analyzing samples without any interference
through sample preparation, suitable for the study on the
hydroxyl stretching region of silicate minerals. DRIFT has-
several other advantages including ease of sample prepa-
ration, greater number of useful bands and the ability to
detect both major and minor components from the same
spectra.

Perlite is a hydrated, naturally occurring amorphous vol-
canic glass formed by cooling of volcanic eruptions, esti-
mating about 700 million tonnes worldwide reserves. lts
unique structure consists of numerous concentric layers hav-
ing SiO,, ALO,, K,O and Na,O as major constituents while
TiO,, CaO, MgO, Fe,O, and hydrated water as well as un-
burned carbon remain present in varying quantities [5]. On
heating the perlite to its softening range, i.e., above 850°C,
water molecules vaporize and escape resulting in unusual
expansion of perlite up to 7-16 times of its original volume,

creating inert, non-toxic, lightweight particles with specific
surface area of about 1.22 m?g™ [6], density in the range
of 0.6 - 2.30 gml” [7] and particle size in range of 0.2-4
mm. [8]. As far as applications of perlite are concerned, it is
mainly consumed as fillers, filter aids, in producing building
construction materials [9,10].

In the current work, perlite was thermally treated at differ-
ent temperatures viz., 400, 600, 800 and 1000°C for 3 h and
then analyzed by DRIFT spectroscopy. The purpose of this
investigation is to use DRIFT spectroscopy to characterize the
structure and determine the chemical bonding of silica with
other species present in the perlite, so that it can be further
utilized for various applications in future.

Material
Perlite sample was supplied by Indica Chem. Ind. Pvt. Ltd.,
India.

Experimental

Perlite sample was thermally treated in a muffle furnace
under static conditions over a range of temperatures, 400,
600, 800 and 1000°C for 3h and abbreviated as TAP-400,
TAP-600, TAP-800 and TAP-1000 respectively. The DRIFT
spectroscopic study of the samples was done by Bruker
FT-IR Spectrophotometer (TENSOR 27) in DRS (diffuse re-
flectance system) mode by homogenizing samples thor-
oughly with spectroscopic grade KBr in 1:20 weight ratio.
The samples were crushed in an agate mortar. The spectra
were recorded in the range 550-4000 cm™' with a resolution
of 4 cm™.

Results and discussion

The colour change is seen in perlite from light grey to
white-light pink on thermal treatment at higher tempera-
ture. The chemical composition of perlite was determined
by EDX analysis which is shown in Table 1. Loss on igni-
tion (LOI) was determined by heating a certain weighed
quantity of perlite in muffle furnace at 1000°C for 3 h. The
LOI amount was 4.4 wt % which corresponds to the re-
moval of moisture and coexisting unburned carbon from
sample [11].
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Table 1. EDX analysis of perlite.

Volume : 3 | Issue : 4 | April 2013 | ISSN - 2249-555X

Samples O(wt%) Si(wt%) Al(wt%) K(wt%)

Na(wt%)

Zn(wt%) Fe(wt%) Ti(wt%) S(wt%) LOI

Perlite 73.70 18.83 3.72 1.44 1.91

0.22 0.10 0.07 - 4.4

LOI- Loss on ignition

The FT-IR spectra of perlite and thermally activated perlite at
different temperatures confirmed that the calcination at any con-
ditions in this experiment produced dehydroxylation in the perlite
samples i.e. elimination of the -OH stretching from Si-OH [12,13].
In this fig., a broad band between 3600-3300 cm™ is shown, which
is attributed to surface ~OH groups of -Si-OH and water molecules
adsorbed on the surface. The broadness of band indicates the ex-
istence of hydroxyl groups in higher degree of association with
each other which results in extensive hydrogen bonding [14], while
in FT-IR spectra of thermally activated perlite samples, the intensity
and broadness of band is decreased, confirming the loss of water,
which is highest in case of TAP-1000 (Fig. 1e). The strong band at
1030 cm™ is due to the structural siloxane framework, which is the
vibrational frequency of the Si-O-Si bond. The peak gets shifted
to higher wave number, i.e., 1227 cm™ after thermal treatment in
TAP-1000 (fig. 1e), normally observed in amorphous silica samples
[15]. An intense peak at 1632 cm™ in the spectrum of perlite is at-
tributed to bending mode (3, ) of water molecule, which is again
highly decreased in case of TAP-1000. The shoulder at about 3200
cm™ (fig. 1a) could be assigned to the stretching vibrations of Si-
OH groups in the structure of amorphous SiO, [16]. An intense
band in the range of 1300-1100 cm™, corresponding to valence
vibrations of the silicate oxygen skeleton is usually assigned to the
amorphous silica content. The region around 805 cm™ is character-
istic of Si-O-Si symmetric stretching modes [17,18,19]. In the Si-O
stretching vibration region (800-1195 cm-), the bands at 802, 808,
812, 942, 1050 cm™ are identical to the bands at 800, 958, 1088
cm-1 due to amorphous silica [20]. Amorphous silica exhibited
a relatively strong peak at about 800 cm™ and it can be distin-
guished from the band of crystalline silicate [20]. The structure
of most SiO, is polymorphous, both crystalline and amorphous,
based on tetrahedral unit of silicon coordinated to four oxygen
atoms. In the Si-O-Si bending vibration region (400-700 cm") of
quartz, the band at 695 cm™ is determinative whether it is crystal-
line or amorphous [21]. The band at 695 cm™ appears due to the
vibrations in octahedral site symmetry [22]. In the amorphous state
this band will be missing. In the perlite samples, we did not get
this band which indicates that the silica mineral in this sample is in
amorphous form. Another evidence of the presence of amorphous
silica in perlite sample is the appearance of a peak at about 1100
cm™, which is normally assumed to be formed by continuous net-
work of Q* species, characteristic in case of amorphous silica [23].

The major component of perlite is silica and untreated silica
is totally hydroxylated and the hydroxyl layer is covered with
physically adsorbed water. Thermal treatment of the sup-
port leads first to removal of water (dehydration) and then
to combination of adjacent hydroxyl groups to form water
(dehydroxylation) [24].

Fig. 2 shows the magnified FT-IR spectra of all studied sam-
ples in the range between 550-1750 cm™.

el . [
-

Fig 1. FT-IR spectrum of (a) perlite, (b) TAP-400, (c) TAP-
600, (d) TAP-800 and (e) TAP-1000.

]

T T T T T
175 W (85 e M

Fig 2. Magnified FT-IR spectrum of (a) perlite (b) TAP-400
(c) TAP-600 (d) TAP-800 and (e) TAP-1000

The observed frequencies of IR bands of all samples and their
possible assignments are summarized in Table 2.

Table 2. The observed frequencies of IR Bands of all sam-
ples and their possible assignments
Wave
number
(cm™)
—|TAP-  |TAP- |[TAP- |TAP-
Perlite 1400 500 |800 |1000

Assignments

Si-O-Si symm.

stretchingvib. 802 802 808 (812 |942
Si-O-Si asymm. 1030 |1030 1184 {1192 |1227
stretching vib. 1192

Si-O-Si bending vib. [572 572 575 |579 |583

-O-Hbendingvib. 1632|1632 |1628 |1628 |1920
“O-H stretching vib. 3618 [3611 3591 [3579 [3465

Conclusions

Results found in this paper showed that DRIFT can be suc-
cessfully employed in investigation of the effect of thermal
treatment on perlite morphology. After calcination, physically
adsorbed water gets driven away from the surface, so inten-
sity of —=OH stretching and bending bands decreases. The
present spectroscopic study could be useful in understand-
ing characteristic features of perlite, changes occurred in its
structure and chemical bonding because of thermal treat-
ment. This knowledge may be employed in further utilization
of perlite for several applications.

Acknowledgement

The authors are thankful to DST Lab, Deptt. Of Pure & Ap-
plied Chemistry, University of Kota, for providing DRIFT
spectroscopic facility. The authors are also grateful to Uni-
versity Grants Commission, New Delhi, India for their Junior
Research Fellowship scheme.

INDIAN JOURNAL OF APPLIED RESEARCH = 41



RESEARCH PAPER Volume : 3 | Issue : 4 | April 2013 | ISSN - 2249-555X

S d S\ [ 1. A Hamoudi, L. Khouchaf, C. Depecker, B. Revel, L. Montagne and P. Cordier, J. Non-crystalline Solids, 354 (2008) 5074-78. | 2. R K.lller, The
Chemistry of Silica, John Wiley & Sons, New York, 1979. | 3. H. E. Bergna. In the colloid chemistry of silica (ed. H.E. Bergna), American Chemical
Society, 1994. | 4. R. L. Frost, U. Johansson, Clays and Clay Minerals 46 (1998) 466. | 5. M. Dogan, M. Alkan, U. Cakir, J. Colloid Interface Sci. 192 (1997)114-118. |
6. M. Dogan, M. Alkan, Chemosphere, 50 (2003) 517-528. | 7. M. Roulia, K. Chassapis, J. A. Kapoutsis, E. |. Kamitsos, T. Savvidis, J. Mater. Sci., 41 (2006) 5870-81.
| 8. D. Bastani, A.A. Safekordi, A. Alihosseini, V. Taghikhani, Sep. Purif. Technol., 52 (2006) 295-300. | 9. M.S. Morsy , S.S. Shebl, M. Abd El Gawad Saif, Building
Research Journal, 56 (2008) 49-58. | 10. H. Aglan , M. Morsy, A. Allie, F. Fouad, Construction and Building Materials, 23(1) (2009) 138-145. | 11. K. Kordatos, S.
Gavela, A. Ntziouni, K.N. Pistiolas, A. Kyritsi, V. Kasselouri-Rigopoulou, Microporous Mesoporous Mater., 115(1-2) (2008) 189-196. | 12. C. Belver, M.A.B Munoz and
M.A.Vicente. Chem. Mater., 14 (2002) 2,033-43. | 13. R.A. Shawabkeh and M.F. Tutunji. Clay. Sci., 24 (2003) 111-120. | 14. R.M. Silverstein, F.X. Webster, Spectrometric
Identification of Organic Compounds, Sixth ed., John Wiley Pub., 2006, pp. 88. | 15. F. Adam, S. Balakrishnan, P.L. Wong, Journal of Physical Science, 17(2) (2006)
1-13.] 16. S. Music, N.F. Vincekovic, L. Sekovanic, Brazilian Journal of Chemical Engineering, 28(1) (2011) 89-94. | 17. S.H. Javed, S. Naveed, N. Feroze, M. Zafar, M.
Shafaq, Journal of Quality and Technology Management, 6(1) (2010) 81-90. | 18. K. Amutha, R. Ravibaskar, G. Sivakumar, International Journal of Nanotechnology
and Applications, 4(1) (2010) 61-66. | 19. J.P. Nayak, J. Bera, Trans. Indian Ceram. Soc., 68 (2) (2009) 1-4. | 20. J. Ojima, J. Occup. Health 45 (2003) 94-103. | 21. G.
Parthasarathy, A.C. Kunwar and R. Srinivasan, Eur. J. Mineral. 13 (2001) 127. | 22. H. Schneider, Contrib. Miner. Petr. 43 (1974) 233. | 23. FI. Hurwitz, D.V. Aranda and
M.E. Gallagher, Presented at the 236% National Meeting, American Chemical Society, Philadelphia, PA (2008) | 24. B.M. Reddy, G.K. Reddy, K.N. Rao, A. Khan, I.
Ganesh, J. Mol. Catal. A: Chem., 265 (2007) 276-82.

42 = INDIAN JOURNAL OF APPLIED RESEARCH



RESEARCH PAPER Chemistry

Volume : 3 | Issue : 4 | April 2013 | ISSN - 2249-555X

Synthesis of Nanosized Titania by sol Gel Route

KEYWORDS Titania; Sol gel; Ethylene glycol; Anatase

Renu Hada

Sakshi Kabra

Stuti Katara

Department of Pure and applied
Chemistry, University of Kota, Kota
(Ra)), India

Department of Pure and applied
Chemistry, University of Kota, Kota
(Ra)), India

Department of Pure and applied
Chemistry, University of Kota, Kota
(Raj), India

Ashu Rani

Department of Pure and applied
Chemistry, University of Kota, Kota
(Ra)), India

Vijay Devra

Jankidevi Bajaj Government Girls
College, Kota (Raj), India.

S. S. Amritphale

Advanced Materials & Processes
Research Institute (CSIR),
Hoshangabad Road, Bhopal (M.P),
India.

The main objective of this work was to prepare anti-pollutant and photocatalyst. Titanium dioxide nanoparti-

cles by simple ethylene glycol route to synthesize titanium dioxide nanoparticles at industrial level. In this work

TiO2 was prepared by sol-gel route in presence of titanium n-butoxide (TNBT) as TiO2 precursor, n-butanol as dilutant and

EG as solvent and chelating agent. The X-ray diffraction and scanning electron microscopy studies show that the product has

anatase crystal structure with average particle size 20-50 nm. The nanoparticles thus prepared can be used for gas sensing

and biological applications, also as photo-electrodes for dye-sensitized solar cells and in removing the organic chemicals
which occur as pollutants in wastewater effluents from industrial and domestic sources.

Introduction

Nanosized titania has been the subject of a great deal of re-
search because of their unique physicochemical properties
and applications in the areas of pigments, catalysts and sup-
ports, cosmetics, gas sensors, inorganic membranes, envi-
ronmental purification, and dielectric materials [1-9]. Much
interest has been shown in photochemical reactions on na-
nosized titania particles due to their potential application in
the conversion of solar energy into chemical energy [10-13]
and electric energy [14, 15]. When titania powder is irradi-
ated with photon energy larger than the band-gap energy,
electrons (e-) and holes (h+) are generated in the conduc-
tion band and the valence band, respectively. These elec-
trons and holes are thought to have the respective abilities
to reduce and oxidize chemical species adsorbed on the sur-
faces of titania particles [16]. The uses and performance for
a given application are, however, strongly influenced by the
crystalline structure, the morphology, and the size of the par-
ticles. It is well known that titania exists in three kinds of crys-
tal structures namely anatase, rutile and brookite. Anatase
and brookite phases are thermodynamically metastable and
can be transformed exothermally and irreversibly to the ru-
tile phase at higher temperatures. The transition tempera-
tures reported in the literature ranges from 450 to 1200 OC.
The transformation temperature depends on the nature and
structure of the precursor and the preparation conditions [17,
18]. Among the three kinds of crystal structures of Titania,
anatase TiO2 has been widely used as a well known catalyst,
because of its various merits, such as electronic and optical
properties, non-toxicity, high photocatalytic activity, low cost,
and chemical stability [19-23]. A number of methods for the
synthesis of TiO2 nanoparticle have been reported, such as
chemical precipitation [24], microemulsion [25], hydrother-
mal crystallization [26] and sol-gel [27]. The sol-gel process
is the most successful for preparing nanosized metal oxide
semiconductors. For example, sol-gel derived TiO2 pow-
ders have been reported to show high catalytic activity due
to their fine structure, wide surface area and high porosity.
Thus in this research work we have prepared titania by sol
gel route using ethylene glycol as gelling agent and titanium
n-butoxide as titania precursor.

Experimental Work

Titanium (IV)-n-butoxide (TNBT) (20 g) was added to n-bu-
tanol (16 g) and the mixture was stirred for 5 min using a
magnetic stirrer operating at 2000 rpm. After stirring, above
mixture was added to Ethylene glycol (100 ml) and mixture
was stirred with heating at 850 C till sol converted to gel then
gel was dried in oven at 500 C. Dried sample was calcined
at 5000 C for 3 h.

Results and discussion
The XRD pattern and SEM image of nanosized Titanium Oxide
particles, prepared by EG route is shown in figure 1 and 2.

Figure 1. XRD patterns of nanosized titania obtained from sol
gel route at 500 0C

Figure 2. SEM photograph of nanosized titania obtained
from sol gel route at 500 0C
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The XRD patterns of the calcined sample of nanosized titania
powder prepared using sol gel route is given in Figure 1. The
presence of peaks of anatase titania at'd’ values 3.49, 1.88,
2.35 have been observed in XRD pattern. The d-values of
the pattern recorded were compared and matched with the
standard d-values along with the intensity given in JCPDS
manuals. The average crystalline size of nanosized titania
has been calculated by applying Scherrer's equation (d = k
X /K cos K) to the 100 % intensity peak and is found 19 nm.
The prepared nanosized powder of TiO2 was fired at 500
0C, leads to its conversion from amorphous phase to anatase
phase.

The crystal size of the powder sample of TiO2 is of 19 nm size
as estimated by Scherrer equation. SEM photograph shows
that particles are strongly aggregated which is typical for par-
ticles with a size less than 50 nm, so the particle size was
estimated to be 20-50 nm.

Volume : 3 | Issue : 4 | April 2013 | ISSN - 2249-555X

Conclusion

We synthesized TiO2 nanoparticles by sol gel route using
ethylene glycol as geling agent. The physical properties,
such as crystallite size and crystallinity were investigated by
XRD, and SEM. X-ray diffraction pattern shows that TiO2
particles calcined at 500°C have a stable anatase phase with
19 nm average crystallite size, determined according to the
Scherrer equation. The SEM image shows that particles have
spherical shape. The yield of the prepared photocatalyst was
comparatively higher than other methods used for nanopar-
ticles preparation i.e. microemulsion route.
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An efficient solid acid catalyst (AAFA) has been synthesized by mechanical and thermal activation of F-type

fly ash (SiO,and Al,O,>70%) followed by chemical activation using concentrated HCl at 110°C. The activation

of fly ash resulted in increased silica content (79%) and surface area (5.42 m%/g) having sufficient silanol activity for esterifica-

tion of n-butanol and acetic acid. The catalyst was characterized by XRD, FT-IR, and SEM techniques. The product n-butyl

acetate is an important fine chemical intermediate, widely used in pharmaceutical and as flavoring agent in confectionary.

The catalyst was completely recyclable without significant loss in activity up to five reaction cycles, which confers its stability
during reaction. The work reports an innovative use of solid waste fly ash as an effective solid acid catalyst.

1. Introduction

Acid catalyzed esterification is one of the most important
industrial reactions, which are widely employed in synthetic
organic process industries. Generally n-butyl esters of acetic
acid are prepared under liquid phase, refluxing the reactant
in the presence of small amount of concentrated H,SO,, HCI,
HI, AICI,, BF,, ZnCl,, SbF, phosphoric acid and p-toluenesul-
fonic acid as the catalyst in homogenous systems [1]. The
use of the above mentioned catalysts is undesirable from
the environmental point of view as these chemicals are cor-
rosive and generally encounter the problems of handling and
transportation. Moreover reusability of the catalysts cannot
be expected. For this purpose, the solid acid catalysts are
employed as safe alternatives for conventional liquid acid
catalysts in synthetic organic chemistry. Solid acids such as
zeolites (ZSM-5), Metal oxides viz. Al,O,, SiO,, ZrO, ZrO,-

273!

ALQ,, ZrO,-SiO, and their sulphated forms have been exten-
sively studied as possible alternatives to conventional Lewis/

Bronsted acid catalysts for esterification reaction [2,3].

A number of solid acids such as ion exchange resin eg. Am-
berlyst 15, smopex-101 [4,5] , mesoporous molecular sieves
like mesoporous AI-MCM-41, H-Mordenite [6] , H-beta [7] ,
H-ZSM-5 and HY zeolites [8,9] , solid super acids [10] and
heteropolyacids (salts), lipase, sulfonic acids supported on
molecular sieves, active carbon [11-13], niobic acid and sup-
ported heteropoly acids (eg. H,SiW,,0,/ ZrO2), K-alumina-
supported vanadium oxide catalysts, sulfated zirconia and
tetravalent metals acid salts [14] , hafnium (IV) and zirconium
(IV) salts [15] , Zr(SO,),.4H,[16] and modified zirconia cata-
lyst have also been found to be acidic in nature and catalyze
esterification, alkylation and condensation reactions [17,18].
In our previous work, fly ash has been used for developing
several solid acid catalysts by loading cerium triflate, sul-
phated zirconia and used for the synthesis of aspirin, oil of
wintergreen, 3, 4-dimethoxyacetophenone (anti neoplastic)
and diphenylmethane [19-21].

The present work elaborates the synthesis of AAFA catalyst
to have high acidity and catalytic activity for esterification re-
action to produce n-butyl acetate with high yield and purity
up to five reaction cycles. This investigation brings into light
the structural aspects of a solid acid which exhibit good con-
version and yield of an industrially important chemical “n-

butyl acetate” an important chemical intermediate, widely
used in pharmaceutical and as flavoring agent in confection-
ary, under solvent free conditions and in low cost route.

2. Experimental methods

2.1 Materials

Class-F type fly ash was collected from Kota Thermal Power
Plant, Kota (Rajasthan) HCI (98%); Acetic acid (98%) and n-
butanol (99%) were purchased from S. D. Fine Chem. Ltd.
and used as such.

2.2 Catalyst Synthesis

As received fly ash was ball milled (1h at room temperature)
followed by thermal activation at 900°C for 4h .The chemical
activation of mechanically activated fly ash (MFA) was car-
ried out in a stirred reactor by stirring 5M aqueous solution
of mineral acid (HCI) in the ratio of 1:2 (FA: HCI ) for 5 days
at 110°C temperature followed by washing till pH 7.0 with
complete removal of soluble ionic species (ClI, NO,, SO,%,
CIO* etc.) and drying at 110°C for 24h. The obtained solid
acid catalyst (AAFA) was calcined at 500°C for 4h under static
conditions in a muffle furnace.

2.3 Characterization Techniques

2.3.1. Physicochemical properties of AAFA

The silica content of the fly ash samples after mechano-chem-
ical activations were analyzed by X-ray fluorescence spec-
trometer (Philips PW1606). Powder X-ray diffraction studies
were carried out by using (Philips X'pert) analytical diffrac-
tometer with monochromatic CuKa radiation (k = 1.54056
A) in a 20 range of 0-80°. The FT-IR study of the samples
was done using FT-IR spectrophotometer (Tensor-27, Bruker,
Germany) in DRS (Diffuse Reflectance Spectroscopy) system.
The detailed imaging information about the morphology and
surface texture of the sample was provided by SEM-EDAX
(Philips XL30 ESEM TMP).

2.3.2. Catalytic activity

The esterification of n-butanol with acetic acid was per-
formed in liquid phase batch reactor consisting of 50 ml
round bottom flask with condenser in a constant temperature
oil bath with magnetic stirring. A mixture of acetic acid and
n-butanol (molar ratio of n-butanol and acetic acid is = 1:2)
was taken in a 50 ml round bottom flask. The catalyst (sub-
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strate to catalyst ratio = 10), activated at 500°C for 2h was
added in the reaction mixture. After completion of the reac-
tion the catalyst was filtered and the product was analyzed by
Gas Chromatograph.

2.3.3 Catalyst regeneration

The spent catalyst was washed with acetone, dried in oven at
110°C for 12h followed by calcinations at 500°C for 2 h and
reused for next reaction cycle under similar reaction condi-
tions as earlier.

3. Results and Discussion

3.1 Catalyst Characterization

A comparison of FA, MFA, TFA and AAFA catalyst is given
in Table 1, which shows that after mechanical activation BET
surface area is increased from 0.97 m%/g to 2.57 m?/g, which
is further increased to 5.42 m%g after chemical activation.
This result confirms that the,AAFA catalyst has a higher spe-
cific surface area of 5.42 m /g than the heat-treated fly ash
with 2.99 m?/g [22, 23]. The particle diameter is reduced from
37.7 ym to 3.12 pm during milling, increased slightly (3.71
pm) after chemical activation [24]. The mechanical activation
did not indicate any perceptible change in silica content of fly
ash but the chemical activation increased the silica amount
greatly (58% to 79%) [25].

Table 1: Physico-chemical properties of FA, MFA, TFA and
AAFA catalyst.

e
FA 58 33 0.97 37.7
MFA 59 21 2.57 3.12
TFA 70 18 2.99 3.10
AAFA 79 16 5.42 3.71

FA (Fly ash); MFA (mechanically activated fly ash); TAFA (ther-
mally activated fly ash) and AAFA (chemically activated fly
ash).

The XRD pattern of the FA showed (figure 1a) the presences
of quartz, mullite, iron oxide, hematite, sulfur oxide, small
amounts of magnetite [26], CaO and amorphous phases. The
XRD studies of milled fly ash (figure 1b) indicate that decrease
in crystallite size from 33 to 21 nm results in increased amor-
phous content in it but after thermal activation the crystallin-
ity is increased slightly as indicated by higher peak intensities
in Figure 1b and c. [27]. After chemical activation of thermally
activated fly ash, the crystallinity is further decreased due to
removal of most of the crystalline components present in FA,
thus increasing the amorphous nature [28, 29].

Figure 1: X-ray diffraction pattern of (a) FA (b) MFA (c)
TFA and (d) AAFA catalyst.
The FT-IR spectra of FA, MFA, TFA and AAFA in Figure2a-d
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show broad band between 3500-3000 cm™" which is attribut-
ed to surface -OH groups of Si-OH and adsorbed water mol-
ecules on the surface. The increment in broadness after ball
milling is an evidence for the breaking down of the quartz
structure and formation of Si-OH groups [30]. However, FT-IR
studies clearly show changes in the broadening of IR peaks
corresponding to Si-O-Si asymmetric stretching vibrations in-
dicating structural rearrangement during mechanical milling.

The FT-IR spectra of AAFA shows the tremendous increment
in broadness at 3500-3000 cm™ region as compared with
FA,MFA and TFA which reflects strong hydrogen bonding be-
tween the hydroxyl groups due to increase in silica content
and loss of significant amount of other components (Figure
2d). The increased amorphous silica in the activated fly ash
can be characterized by an intense band in the range 1000-
1300 cm™ corresponding to the valence vibrations of the
silicate oxygen skeleton. The main absorption band of the
valence oscillations of the groups Si-O-Si in quartz appears
with a main absorption maximum at 1162 cm™ [20].
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Figure 2: FT-IR of (a) FA (b) MFA (c) TFA and (d) AAFA
catalyst.

SEM micrograph of the FA (Figure 3a) indicates that the most
of the particles present in the fly ash are micro-particles in
the shape of smooth balls (microspheres) with a relatively
smooth surface grain. SEM image of MFA (Figure 3b) shows
the structural break down of larger particles and increased
surface roughness. The smooth spherical cenospheres are
affected most resulting remarkable changes in morphology.
After chemical activation with acid, rough cenospheres are
transformed into agglomerations of more amorphous unde-
fined shapes with no observation of crystal formation as seen
in SEM micrographs presented in Figure 3a-d [31].

1 g ?p&

Figure 3: SEM images of (a) FA (b) MFA (c) TFA (d) AAFA.

4. Catalytic performance

To measure the catalytic performance of catalyst, esterifi-
cation of acetic acid with n-butanol over AAFA was carried
out at 110°C for 4h, taking n-butanol/acetic acid molar ratio
1:2 and n-butanol to catalyst weight ratio of 10. The catalyst
AAFA was found highly active for esterification of acetic acid
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with n-butanol giving high selectivity (99.6%) and yield of n-
butyl acetate after 4h under optimized conditions, whereas
both FA as well as MFA did not possess any catalytic activity.

The esterification of acetic acid with n-butanol was also car-
ried out at different temperature ranging from 90°C to 130°C
for 4h to optimize the reaction temperature giving maximum
conversion of n-butanol to n-butyl acetate. The result shows
that the maximum conversion (87.3%) of n-butanol to n-butyl
acetate is found at 110°C, which remains almost, steady till
130°C.The spent catalyst from the reaction mixture was fil-
tered, washed with acetone and regenerated at 450°C to use
for the next reaction cycles. The catalyst was equally efficient
up to five reaction cycles.

5. Conclusion

The study provides fly ash supported AAFA as an efficient
solid acid catalyst possessing significant amount of acidity.
The specific surface area of FA (0.97 m%g) was greatly en-
hanced after mechanical, thermal and chemical activation
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using HCI. AAFA catalyst possessed surface area upto 5.42
m?/g with greater number of surface silanols responsible for
surface acidity as evident by comparatively broad band at
3500-3000 cm™in FT-IR spectra.

AAFA catalyst catalyzed the esterification of acetic acid with
n-butanol giving high yield of the product n-butyl acetate in
heterogeneous, solvent free optimized reaction conditions. It
is concluded that the mechno-chemical activation can gener-
ate sufficient activity on fly ash surface rendering its potential
application in heterogeneous catalysis.
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ABSTRACT

To acquire a deeper understanding of surface chemistry of fly ash along with thermal
activation, the states of mineral phases, water and —OH groups on silica are studied in fly
ash at different calcination temperatures by DR/FTIR spectroscopic technique. DR/FTIR
spectroscopy allows differentiation of various types of bonds in a material on a molecular
level. The spectroscopic results are also supported by XRF, XRD and SEM analysis.
Studied fly ash was collected from Jamshedpur Thermal Power Station as an extremely
fine ash, formed from the inorganic components of the coal, mainly silica and alumina
which remain after combustion of the carbonaceous part of the coal. Distinguish changes
were observed in fly ash IR bands regarding absorbed water, -OH group and Si-O-Si
group with thermal activation. This investigation reveals that as the temperature
increases, the physically adsorbed water begins to remove first, then silanol groups on
surface is dehydrated. Increased temperature causes formation of different crystalline
phases like quartz, mullite and hematite etc. and increased the crystallinity of the calcined
samples.
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1. INTRODUCTION

The coal fired power plant which consumes pulverized solid fuels composed of combustible
organic matter with varying amount of inorganic mineral parts produce large amount of solid
waste fly ash. Every year a crude estimation of 600 million tons of fly ash generated
worldwide [1] and about 110 million tons only in India [2]. The combustible gasification takes
place in coal fired boiler at an operative temperature 1450°C under reducing atmosphere.
The mixture of effluent gases is cooled and fly ash gets solidify at temperature from 950°C to
400°C. In the form of spherical particles consisting of SiO, , Al,Os;, Fe,O3;, CaO, MgO and
alkali in varying amounts with some unburned activated carbon [3]. As per the ASTM C618-
12a guideline [4] the fly ash containing >70% SiO,, Al,O3 and Fe,03 is classified as Class F
type fly ash and those consists mainly of silica, alumina and calcium containing SiO,, Al,O3
and Fe,O; minimum upto 50 % are referred to as Class C fly ash. Class F type fly ash is
used in agriculture, metal recovery, water and atmospheric pollution control [5] while class C
type fly ash is used in cement production [6], steam cured bricks manufacturing [7] etc.
Calcination temperature of fly ash before using as source material for synthesis of concrete
material and geopolymer etc. is reported to be crucial for the end product [8]. Fly ash has a
complex microstructure comprising of mixture of amorphous and crystalline components.
The chemical and mineralogical compositions of fly ash vary with coal source as well as
calcination temperature [9]. Fly ash also contains different amount of unburned carbon which
may reach upto 17% [10] responsible for high ignition loss and undesirable constituents for
geopolymerisation and concrete formation. Fly ash is also being used as heterogeneous
catalytic support material due to high silica, surface mineralogy, morphology and surface
silanol groups [11, 12]. Both the adsorbed water and silanol groups on surface may affect
the surface modification process thus play important roles in catalytic application on silica
surface. It is difficult to distinguish between the adsorbed moisture and actual surface
hydroxyl groups in a form of crystalline water or amorphous silanol (Si-OH) [13]. Literature
reports that high temperature calcination forms new crystalline phases on fly ash surface
modifying siloxane groups (Si-O-Si) and different forms of silanol groups [8]. Therefore it is
of interest to understand the modification of fly ash mineralogy and morphology with thermal
activation by using Diffuse Reflectance Fourier Transform Infrared (DR\FTIR) spectroscopic
technique, which is one of the advance techniques to illustrate the chemical structure of the
bonding materials. The results of the DR\FTIR study are supported by other characterization
tools such as X-ray Fluorescence (XRF), X-ray Diffraction (XRD) and Scanning Electron
Microscopy (SEM).

2. EXPERIMENTAL DETAILS
2.1 Materials

The coal fly ash (Class F type with SiO, and Al,O3; > 70%) used in this study was collected
from Jamshedpur Thermal Power Station (Jamshedpur, Jharkhand, India). Fly ash (FA) was
thermally activated by calcining in muffle furnace at 400, 600, 800 and 1000°C for 3h and
abbreviated as TFA-400, TFA-600, TFA-800 and TFA-1000 respectively (TFA —Thermally
activated fly ash).
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2.2 Sample Preparation and Characterization

DR/FTIR analysis of fly ash samples were carried out by diluting fly ash samples with KBr in
1:20 weight ratio and mixed gently with the help of mortar and pestle, being careful about
atmospheric moisture absorption. In this study, FTIR spectra of the materials were recorded
using FTIR Tensor 27 Brucker with DR (lefuse Reflectance) accessory. The spectra were
recorded in the range 550 — 4000 cm-' with a resolution of 4 cm-". The chemical
composition was determined by wavelength dispersive X-ray fluorescence (WD-XRF) model
Bruker S8 Tiger. The detailed imaging information about the morphology and surface texture
of the sample was provided by SEM (Philips XL30 ESEM TMP). The XRD measurements
were carried out using Bruker D8 Advance X-ray diffractometer with monochromatic CuKa
radiation (A = 1.54056 A) in a 26 range of 5-70°.

3. RESULTS AND DISCUSSION

The chemical composition of FA and all TFA samples reveals that major components of fly
ash are SiO, and Al,O; Some minor components like Fe,O3;, CaO, MgO, TiO,, Na,O, K,O
and trace elements around 1.5 wt% are also present in FA and all TFA samples (Table 1).
The thermal activation of fly ash removes C, S, moisture and other adsorbed gases. The
removal of moisture and co-existing unburned carbon increases with increasing temperature
[14]. It can be concluded that all the compounds remained almost constant after thermal
treatment, besides a reduction in Na,O, K,O and other elements in all TFA samples.

Table 1. Chemical composition of FA and all TFA samples

Sample Si0O, AlLO; Fe,O; CaO MgO TiO, Na,O K,0 Other
(wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) elements

(wt%)
FA 62 30 3.0 0.4 0.3 1.4 0.4 0.8 1.7
TFA-400 62.3 30 3.2 0.4 0.3 1.4 0.3 0.5 1.6
TFA-600 62.5 301 32 0.3 0.3 1.4 0.3 0.3 1.6
TFA-800 62.8 303 3.2 0.3 0.2 1.3 0.2 0.2 1.5
TFA-1000 63 305 3.2 0.3 0.2 1.3 0.2 0.1 1.2

The FTIR spectra in Fig. 1 shows a broad band between 3400-3000 cm-", which is
attributed to surface —OH groups of silanol groups (-Si-OH) and adsorbed water molecules
on the surface. The broadness of band indicates the presence of strong hydrogen bonding
[11]. The gradual decrement in the intensity and broadness in this band, as shown in Fig. 1
confirms loss of water in all TFA samples during thermal activation. Most of the molecular
water gets removed from the sample by heating up to 250°C, while crystalline —OH remains
in the sample till 700°C [15]. A peak around 1607 cm-" (Fig. 1) is attributed to bending mode
(60-H) of water molecule [16]I which is shown in all fly ash samples. A broad band ranging
from 1070 cm=-"to 1170 cm-' due to Si-O-Si asymmetric stretching vibrations [17] of silica
is present in FA and aII TFA samples. FA shows Si—O-Si asymmetric stretching V|brat|on
centered at 1100 cm-" which get shifted towards higher wave number at 1162 cm-"in case
of TFA-1000. This high wave number shift is the result of loss of water thus transformation of
Q° units [Si (OH) (SiOy4);] to Q* units [Si (Si04)4] thus decrease in silanol groups (-Si-OH).
This phenomenon shows reverse accordance with the statement that an increase in the
hydroxide concentration shifts the position of the maX|mum absorbance of Si-O bands
toward lower number, indicating the transformation of Q* units [Si (SiO4)4] to Q° units [Si(OH)
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(SiO4)s] [18]. Peak at 2887 cm-" could be assigned to C-H stretching vibration of organic

contaminants which may be introduced during sample handling or some hydrocarbon
present in fly ash [17.] This peak shows high intensity in FA while on thermal activation
organic contaminants get removed from FA and show low intense peak in all TFA samples
as compared to FA. Peaks appeared around 2343 cm™ attributed to v O-H stretching [19],
2241 cm™ responsible for H-SiO; [20], 1984 cm™ due to =Si-H monohydride [21], 1872 cm™
due to calcium carbonate [22] present in FA and all TFA samples (Table 2). Peaks centered
at 1521 cm-" [23] and 1681 cm-" [17] are due to (CO3)2_ stretching vibration show highest
intensity in FA, which is reduced on thermal activation in all TFA samples conferring that
during thermal activation C and C associated impurities like CO, are removed with increased
temperature. A peak related to Al-O-Si stretching vibration appears around 600 cm-" [24]
and is present in FA and all TFA samples (Table 2) conferring that Si and Al are present in
silico aluminate phase not affected by thermal activation [25].

I

J13am lagna 230 20m 3a0 mm

Fig. 1. DR/FTIR spectra of (a) FA (b) TFA-400 (c) TFA-600 (d) TFA-800 (e) TFA-1000
Table 2. Different DR/FTIR observed frequencies of (1.) FA (2.) TFA-400 (3.) TFA-600
(4.) TFA-800 (5.) TFA-1000 and their possible assignments
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Assignments FA TFA-400 TFA-600 TFA-800 TFA-1000 Reference
no.

Si-O-Al stretching 600 611 589 592 603 24

vibration

Si-O-Si asymm. 1100 1102 1113 1148 1162 17

Stretching

Vibration

(C03)2'—stretching 1521, 1519, 1519, 1519, 1521, 23,

vibration 1679 1686 1680 1683 1681 17

H-O-H bending 1608 1606 1606 1607 1607 16

Vibration

Calcium 1872 1872 1872 1872 1873 22

Carbonate

=Si-H 1984 1984 1986 1984 1987 21

(monohydride)

H-SiO; 2241 2240 2244 2236 2250 20

v -O-H stretching 2343 2344 2341 2347 2345 19

vibration

-C—H stretching 2827 2887 2886 2890 2895 17

vibration

-O-H stretching 3553 3096 3276 3327 3260 11

vibration

The SEM image (Fig. 2) of FA demonstrates particles of different shapes and sizes, hollow
cenospheres, irregularly shaped unburned carbon particles, miner aggregates and
agglomerated particles whereas the typical SEM image of TFA-1000 shows different shape
and size particles while irregular shaped unburned carbon is not seen. Some fused silica
particles are showing which has been formed during thermal activation [11].

Fig. 2. SEM images of (a) FA (b) TFA-1000

The XRD patterns of FA and TFA-1000 are shown in Fig. 3. In both FA and TFA-1000,
peaks at 20 values of 16.4°, 25.9° and 26.2° show presence of mullite (alumino-silicate)
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phases and quartz (silica) exhibits strong peaks at 20.7°, 26.5°, 26.66°, 40.66° and 49.96° of
20 values [26] while calcite shows peaks at 33.4° of 20 values [11]. TFA-1000 shows
number of crystalline phases like quartz, hematite, mullite, calcite in higher intensities than
FA, due to high temperature calcination. With thermal activation magnetite peak tends to
disappear while a peak responsible for hematite begins to appear (Table 3) [27].

Mu

=]

Mu

Fig. 3. XRD pattern of (a) FA (b) TFA-1000; (Q- Quartz, Mu- Mullite, M- Magnetite, H-
Hematite, C- Calcite)

Table 3. Color and crystalline phases of FA and TFA samples

Sample Color Quartz Magnetite Hematite Mullite Calcite
FA Grey N N — N N
TFA-400  Light grey v N N N
TFA-600  Yellowish brown V V N N
TFA-800  Yellowish brown \ - N N
TFA-1000  Reddish brown Vv V N

(\ = Present, --- = Absent)
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Variation of colors and crystalline phases of FA and TFA calcined at different temperatures
is shown in Table 3. Initially fly ash was of grey color due to presence of unburned carbon
content with increase in thermal activation temperature grey color of fly ash changes to
yellowish brown and then finally red brown possibly due to hematite crystallization [8].

4. CONCLUSION

In each DR/FTIR spectrum broad band ranging from 3000-3400 cm” is showing a
successive decrement in the intensity with increasing thermal activation temperature. It is
thus revealed that as the temperature increases, physically adsorbed water is removed first,
then silanol g;roups on surface is dehydrated resulting in transformation of Q° units [Si(OH)
(SiO4)s] to Q" units [Si (SiO4),]. Due to thermal activation of fly ash, SiO, Al,O; are increased
which is also evidenced by increased intensity of quartz and mullite phases, the magnetite
phases are converted into hematite phase at higher temperature. It can be concluded that
modification in properties of fly ash with reference to Si-OH, intensity and crystallinity of
crystalline phases can be achieved by thermal activation method to generate a solid support
material for catalytic applications.
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Abstract: An examination of the structural, morphological and mineralogical features of Turkish perlite sample was
carried out by FT-IR, SEM, SEM-EDX, XRD, TGA and Nj-adsorption-desorption analytical techniques. Perlite is a
natural, silica enriched igneous rock. This article features the primary step of study of basic characterization of perlite
to investigate its utilization in different areas. Higher silica and alumina content was shown by EDX analysis. Both
XRD and FT-IR studies reveal the presence of amorphous silica in perlite. TGA and LOI analysis illustrate the
presence of water in the sample. The irregular morphology was exposed through SEM images. It was evident from the
results that silica-enriched perlite could be developed further into a potential material in several area including catalyst
synthesis by using various activation techniques.

Keywords: perlite, characterization, XRD, FT-IR.

I INTRODUCTION

The basic objective of this paper is to provide the comprehensive characterization of Turkish perlite and suggest its
suitability towards several fields of utilization. Perlite is a hydrated, widely occurring amorphous igneous rock formed
by cooling of volcanic eruptions. Its unique structure consists of numerous concentric layers having SiO,, Al,Os;, K,0O
and Na,O as major constituents while TiO,, CaO, MgO, Fe,O3 and hydrated water as well as unburned carbon remain
present in varying quantities [1]. On heating the perlite to its softening range, i.e., above 850°C, crystalline water
molecules vaporize and escape resulting in unusual expansion of perlite up to 7-16 times of its original volume,
creating inert, non-toxic, lightweight particles with specific surface area of about 1.22 m°g™ [2], density in the range of
0.6 - 2.30 gml™ [3] and particle size in range of 0.2-4 mm. [4]. Physio-chemical properties of perlite need to be
examined prior to evaluation of its possible utilization in various fields. As far as applications of perlite are concerned,
it is mainly consumed as fillers, filter aids, in producing building construction materials [5], [6], adsorptive materials,
precursor for geo-polymer formation [7], removal of heavy metal ions and other pollutants from atmosphere [8], in
thermal insulation [9], removal of dyes [10], [11], in horticulture [12], sorption of oil [4] etc. Perlite is a naturally
occurring waste, estimating about 700 million tons worldwide reserves. Turkey has rich resources of perlite,
approximately 160 tons [13], since, domestic demand is very limited, so, most of the produced perlite is exported to
various countries including India. Thus its effective, conducive and eco-friendly utilization has always been a challenge
for scientific community. Above applications could thrive up to only some level in utilizing the huge reserves of perlite.
However, the search of new applications of the perlite as either catalyst or catalyst support material is still enduring.
Literature accounts only for the few applications of perlite as photo catalyst [14], pyrolysis catalyst [15] and catalyst
used for different chemical reactions such as, immobilization [16], methacrolein production [17], zeolite synthesis [18],
[19] etc.

The objective of the present work is to characterize perlite, in terms of structure, mineralogical composition,
chemical behaviour, colour and morphology. This is the foundation stone in our research work to investigate the
physio-chemical properties of perlite for its utilization in different fields. This paper mainly deals with identification of
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characteristics of perlite and their study using spectroscopic and microscopic analysis through FT-IR, SEM, SEM-
EDX, XRD, TGA and N,-adsorption-desorption techniques.

1. EXPERIMENTAL

A. Materials
Perlite sample was imported from Turkey and supplied to us by Indica Chem. Ind. Pvt. Ltd., India.
B. Procedure

Perlite sample was taken as such and thermally treated in a muffle furnace under static conditions at 800°C for 3 h and
named as TAP.

C. Characterization

Physiochemical properties of perlite and TAP were studied by FT-IR, SEM and SEM-EDX, XRD, TGA, and N,
adsorption-desorption studies.

The FT-IR study of the sample was done by Bruker FT-IR Spectrophotometer (TENSOR 27) in DRS mode by mixing
samples with KBr in 1:20 weight ratio. The spectra were recorded in the range 550-4000 cm™ with a resolution of

4 cm™. SEM (Model-JEOL-JSM 5600) was used to investigate morphology and surface texture of the sample while
elemental analysis was studied by SEM-EDX analysis (Model-INCA Oxford). X-ray diffraction study was done by X-
ray powder diffractometer (Bruker D8 Advance) using Cu K, radiation (A = 1.5406A°). The samples were scanned in
260 range of 5-65° at a scanning rate of 0.04°s™. TGA of the sample was carried out using Mettler Toledo thermal
analyser (TGA/DSC1 SF/752), by heating the sample in the range of 50—850 °C with a heating rate of 10 °C/min under
nitrogen flow (50 cm®min). BET surface area of the samples was measured at liquid nitrogen temperature (77 K) using
Quantachrome NOVA 1000e surface area analyser. The samples were degassed under vacuum at 120 °C for 2 h, prior
to measurement.

II. RESULTS AND DISCUSSION

Perlite is white or light-gray coloured material which turns to light pinkish on thermal treatment. FT-IR spectrum of
perlite and TAP (Fig. 1) shows a broad band between 3600-3300 cm™, which is attributed to surface —OH groups of —
Si-OH and water molecules adsorbed on the surface. The broadness of band indicates the presence of strong hydrogen
bonding in the sample [20]. The hydroxyl groups exist in higher degree of association with each other which results in
extensive hydrogen bonding, while in FT-IR spectrum of TAP, the intensity and broadness of band is decreased which
confirms the loss of water (Fig. 1b). The strong band at 1178 cm™ is due to the structural siloxane framework, which is
the vibrational frequency of the Si-O-Si bond. The peak is shifted to higher wave number, i.e., 1192 cm™ after thermal
treatment, which is normally observed in amorphous silica samples [21]. An intense peak at 1633 cm™ in the spectrum
of perlite is attributed to bending mode (30.4) of water molecule [22], which is again highly decreased in case of TAP.
The region around 805 cm™ is characteristic of Si-O-Si symmetric stretching modes [23], [24]. Amorphous silica
exhibited a relatively strong peak at about 800 cm™ and it can be distinguished from the band of crystalline silicate
[25]. The observed frequencies of IR bands of perlite and their possible assignments are summarized in Table 1.
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Fig 1. FT-IR spectrum of (a) perlite and (b) TAP

Table 1. The Observed Frequencies of IR Bands of Perlite, TAP and their Possible Assignments

Assignments

Wave number(cm™)

Perlite TAP

Si-O-Si symm. stretching vib. 802 812
Si-O-Si asymm. stretching vib. 1030 1192
-O-H bending vib. 1632 1628

-O-H stretching vib. 3618 3579

SEM micrograph of perlite and its magnified view (Fig. 2 a and b) revealed the irregular morphology of perlite
particles with broken or ragged edges. Similar pattern was observed in other reported micrographs of perlite [7]. SEM
images of TAP and its magnified view (Fig. 3 a and b) are mainly fragmatic and random as a result of thermal
activation [4]. But here, the morphology is less irregular which confirms the evaporation of water from the perlite

sample on heating at high temperature.
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Fig 2. SEM micrograph of (a) perlite and (b) its magnified view
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Fig 3. SEM micrograph of (a) TAP and (b) its magnified view
The chemical composition of perlite and TAP were determined by SEM-EDX technique which is shown in Table 2.
Table 1. EDX Analysis of Perlite and TAP

OW%) Si(wi%) AI(Wi%) K(Wi%) Na(wt%) Zn(wi%) Fe(wi%) Ti(wi%) S(wi%) LOI

Samples

Perlite 73.70 18.83 3.72 1.44 191 0.22 0.10 0.07 - 4.1

TAP 73.60 18.80 3.70 1.34 191 0.22 0.10 0.07 - -

Loss on ignition (LOI) was determined by heating a certain weighed quantity of perlite in muffle furnace at 800°C for 3
h. The LOI amount was 4.1 wt % which corresponds to the removal of moisture and coexisting unburned carbon from
sample [26]. The TGA curve of perlite, as shown in Fig. 4, shows continuous decrease in weight of sample from 50-

Copyright to IJIRSET www.ijirset.com 4322


http://www.ijirset.com/

(@

[]

International Journal of Innovative Research in Science,

ISSN: 2319-8753

L

P )

f—

|

Engineering and Technology

(An ISO 3297: 2007 Certified Organization)
Vol. 2, Issue 9, September 2013

900°C. Weight loss in lower temperature range relates to the removal of moisture content of the sample together with
some volatile materials. While, the weight loss of sample within range of 550-900°C would correspond to the burning
of carbonaceous materials that were firmly adsorbed on the surface of the solid materials remaining or volatilization of
some trace metal oxides [27].
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Fig 4. TGA curve of perlite

BET surface area of perlite and TAP samples were found to be 2.6 and 2.3 m?/g respectively.

The broad powder X-ray diffraction pattern of perlite (Fig. 5a), confirmed the absence of any ordered crystalline
structure [28] which is typical for amorphous solids. However, heating of perlite at temperature over 800°C for 3 h
could convert less ordered structure to a more highly ordered structure and a single crystalline peak appears at 20 =
27.642° (Fig. 5b) which shows presence of quartz in the sample [29], along with a broad peak at 20 = 22-23°
confirming amorphous nature of silica [24], [30].
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Fig 5. X-ray diffraction pattern of (a) Perlite and (b) TAP

IV.  CONCLUSIONS

Results obtained in the present investigation confirm silica and alumina as major constituents of perlite. It is also
observed that the nature of silica in perlite is mainly amorphous with irregular morphology and only a single crystalline
peak appears on thermal treatment. On the basis of analysis, it can also be said that high number of hydroxyl groups
and Si-O-Si network is also present in perlite. Moreover, comparison of perlite with TAP shows the effects of thermal
treatment on structure, mineralogy, colour, surface area and morphology of perlite. The contemporary report aims at
study of fundamental characteristics of perlite for its further applications in novel fields. The results like presence of
amorphous silica network and surface hydroxyl groups in perlite indicate towards the potential capability of perlite as a
support material in catalyst synthesis.
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